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Preface to the Second Edition 


For my children Paul, David and Julia, 

who derive just as much pleasure from trucks as I do, and for my wife, Simone 
Hilgers-Bach, 

who indulges us. 


I have worked in the commercial vehicle industry for many years. Time and again I am 
asked, “So you work on the development of trucks?” Or words to that effect. “That’s a 
young boy’s dream!” 

Indeed it is. 

Inspired by this enthusiasm, I have tried to learn as much as I possibly could about the 
technology of trucks. In the process, I have discovered that you have not really grasped 
the subject matter until you can explain it convincingly. Or to put it more succinctly, 
“In order to really learn, you must teach.” Accordingly, as time went on I began to write 
down as many technical aspects of commercial vehicle technology as I could in my own 
words. I very quickly realized that the entire project needed to be organized logically, 
and once that was in place the basic framework of this series of booklets on commercial 
vehicle technology practically compiled itself. 

Of course, it is not possible to describe the diesel engine in all its details in the space 
of a general booklet such as this. As a subject, the diesel engine would quite rightly fill 
entire libraries. My intention with this booklet is to help the reader gain a general idea of 
which aspects are important for Diesel engines in commercial vehicles. 

Most of the topics covered in this booklet can be readily understood with the aid of 
a little common sense and some school math. The chapter on Thermodynamics must 
inevitably contain quite a few formulas. But the other chapters do not refer back to the 
information in the Thermodynamics chapter, so the reader who is intimidated by all the 
formulas can set it aside for reading at a later date, or skip it altogether. 

Readers who are studying the subject will find this text to be a good introduction, 
and I hope that they may be encouraged by the text to find out more about commer- 
cial vehicle technology as an exciting field of professional activity. In addition, I am 
convinced that this booklet will provide added value for technical specialists from related 
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disciplines who would like see the bigger picture and are looking for a compact and 
easy-to-understand summary of the subjects in question. 

The most important objective of the text is to convey the fascination of truck tech- 
nology to the reader and to make it an enjoyable exercise. With this in mind, I hope that 
you, dear reader, have a lot of pleasure reading, skimming and browsing this booklet. 

Regulations and limits are mentioned and explained in this series of booklets for illus- 
tration. Please be aware at all times that all regulations might change and that this book- 
let may not be up to date. It is good practices to regularly check with experts to obtain 
the latest version of regulations. 

The topic commercial vehicle technology with all its subtopics undergoes constant 
change: New technical solutions might come up and some topics gain more interest 
whereas others are not in the focus anymore. Talking to others I constantly learn that 
some improvement to the book is possible. With this second edition of this booklet on 
Diesel engines some improvements have been made and topics that were relatively short 
in the first edition has been expanded. 

Finally, I have a personal favor to ask. It is my intention to maintain continual further 
development of this text. Dear readers, I would greatly welcome your help in this regard. 
Please send any technical comments and suggestions for improvements to the following 
email address: hilgers.michael@web.de. The more specific your comments are, the eas- 
ier it will be for me to grasp their implications, and possibly incorporate them in future 
editions. If you discover any inconsistencies in the content or you would like to express 
your praise, please let me know via the same email address. 

And now I wish you much reading pleasure, 


Weinstadt-Beutelsbach Michael Hilgers 
Beijing 

Aachen 

May 2022 
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Introduction 


The undisputed king of commercial vehicle engines was for a century or so the diesel 
internal combustion engine. 

Knowing about greenhouse gases and the climate change it is today obvious that 
alternatives not relying on burning fossil fuels are more than urgently needed. So engi- 
neers all over the world are working on future mobility solutions. Possible future tech- 
nologies are presented in [7]. A possible future option are fuels that are generated in a 
greenhouse gas neutral way. This path would allow the combustion engine to stay with 
us and play a role in the future of our mobility. But even if our future mobility solutions 
will not rely on the combustion engine anymore, the Diesel engine will still be around 
for a while. So it is worthwhile to learn about the Diesel engine. As long as we still need 
the Diesel engine it is the goal to make it as efficiently as possible and to reduce exhaust 
gas emissions to the lowest possible limits. 

The combustion engine was and still is purely and simply the driver on which individ- 
ual mobility and inexpensive transportation is based. It is therefore no surprise that since 
the second half of the nineteenth century, countless enterprises, engineers and inventors 
have dedicated themselves to studies of the internal combustion engine. The immense 
range of interests and approaches is reflected in the variety of types and designs; and the 
technical literature relating to the combustion engine is equally varied and voluminous— 
positively incalculable. 

A series of publications on commercial vehicles that did not include an item about 
the engine would be unthinkable. So in order to keep this booklet to reasonable size, we 
will limit ourselves to a discussion of the diesel-powered, four-stroke reciprocating pis- 
ton engine, represented by the inline or V-type versions. This design type is now installed 
in the overwhelming majority of commercial vehicles. 

For information about other engine concepts, such as two-stroke and rotary pis- 
ton machines (Wankel engines), or explanations of other geometric arrangements of 
the reciprocating piston engine, for example the radial and boxer engines, the reader is 
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referred to the extensive body of technical literature on these subjects. The interested 
reader will certainly find even more exotic concepts in the literature—including the 
spherical Hiittlin Kugelmotor [11] or the wobble plate engine—but generally not in mod- 
ern commercial vehicles. 

In the diesel engine combustion chamber, a diesel air mixture is ignited. In this pro- 
cess, the chemical energy of the diesel is first converted into heat, then this heat is con- 
verted into mechanical energy. 

Figure 1.1 illustrates the four strokes of the combustion process in the four-stoke die- 
sel engine. 

In a multi-cylinder engine, the individual cylinders execute the same sequence of 
strokes but at different times, so one cylinder works while the others are using mechani- 
cal energy. 

In the first stroke, the air is drawn in. The piston moves downwards and the air 
flows into the combustion chamber through the intake valve that is opened (in the mod- 
ern, four-valve engine, through both intake valves). The air is compressed further by 
the turbocharger, so more air is inducted into the cylinder than in a naturally aspirated 
engine. When the piston reaches bottom dead center, the induction phase is complete and 
the intake valve is closed. 

In the second stroke, the air is compressed by the piston as it moves rapidly 
upwards. The energy required for this is supplied by the kinetic energy of the engine as 
it turns and the work performed by one of the other cylinders. The compression heats the 
air up. In diesel engines, the fuel is injected into the combustion engine at the end of the 
compression stroke. The diesel fuel ignites spontaneously in the compressed air (this is 


Induction Compression Combustion Exhaust 
(power) 
Diesel 
Intake valve fuel injector Exhaust valve 


Fig. 1.1 The four strokes of the four-stroke combustion cycle 
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the origin of the term auto-ignition for the diesel engine) and the third stroke begins. 
The expanding gas forces the piston down again and mechanical work is performed. 
Having reached bottom dead center, the piston reverses direction and in the fourth 
stroke forces the exhaust gas out of the combustion chamber. The exhaust valves are 
opened for this. 


1.1 Truck Engines and Passenger Car Diesel Engines 
in Comparison 


Diesel engines in common passenger car models and commercial vehicle diesel engines 
have many similarities. In fact, the transition between passenger car diesel and diesel 
engines in the light duty commercial vehicle segment is fluent. In the van segment, 
engines are used that are also used in diesel passenger cars. However, there are also some 
differences between the diesel engines for heavy trucks and the engines used in passen- 
ger cars. 

Obviously, the truck engine is much bigger than the passenger car engine. It has a 
higher displacement and usually a somewhat higher power output. The higher power 
output is needed as the truck is so much heavier than the passenger car. Passenger car 
engines generally have higher maximum power per displacement. Why is this the case? 

A dominant and often purchase-deciding characteristic of the truck is its fuel con- 
sumption (see also [6]). For this reason, truck engines are even more fuel-efficient than 
car engines. To achieve that, the truck engine is rotating slower than the passcar engine: 
The speed range of a passenger car diesel engine is 800 to 5000 rpm while the truck 
diesel revs 600 to 2000 rpm and is designed for a speed of 1100 rpm at march speed. To 
achieve the necessary power at this rotational speed higher displacement is needed. 

The bigger, low-speed engine has a second desired effect: Engines for heavy trucks 
are designed for considerably longer mileage, approximately four times the mileage of 
an average passenger car engine. (For reference, 1.2 million km for a long-haul truck 
versus ~300,000 km for a passenger car). 

Some additional differences are: 


e Truck engines generally have significantly longer maintenance intervals. 

e The truck engine has an extended engine braking function in which a mechanical 
device increases the engine braking effect (see Sect. 4.3). 

e By design, the truck engine provides for powerful power take-offs. 


® 
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Diesel Fuel and Air 


We will first turn our attention to the energy source: diesel fuel. 

Like gasoline, diesel has a high energy density, it is easy to replenish and transport, 
and it is available practically everywhere. 

Diesel engines are typically more economical and longer-lasting than gasoline 
engines; and (in many countries) diesel fuel is also less expensive than gasoline. 
Consequently, the diesel powered combustion engine took control and became the engine 
of choice for commercial vehicles. It is unlikely that the diesel engine will be completely 
replaced by other propulsion technologies for trucks in the medium term although engi- 
neers all over the world are working on alternatives (see [7]). 

Diesel is a mixture of various hydrocarbons that are separated in a temperature range 
from 150 to 390 °C during the petroleum distillation process. 

The primary constituents of diesel fuel are mainly alkanes, cycloalkanes and aromatic 
hydrocarbons. Alkanes are hydrocarbon chains that contain no multiple bonds (C,H,,,,,). 
Cycloalkanes are ring alkanes (C,H,,) and aromatic hydrocarbons are molecules with a 
ring structure that contains double bonds. 

The hydrocarbon molecules in diesel contain about 9 to 22 carbon atoms. 

The properties of diesel fuel in Europe are defined in the European regulations 
2003/17/EC and EN590. There are no globally-unified standards for diesel. Most nota- 
bly, in some countries diesel fuel contains significantly larger proportions of sulfur and 
water than in Europe. Low-quality diesel fuel can damage the vehicle. The systems that 
are most sensitive in terms of fuel quality in modern vehicles are the exhaust gas after- 
treatment system—stringent emission limits can only be met with high-quality fuels— 
and the injection system. 

The quantity of carbon dioxide which is released when one liter of diesel is combusted 
can be estimated as follows: 1 1 of diesel weighs about 0.838 kg—see Table 2.1. There 
are about 2 hydrogen atoms for every carbon atom in the diesel. In short, we can 
describe the combustion of diesel roughly as follows (in reality, it is a mixture of 
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Table 2.1 Properties of diesel fuel 


Diesel Value Note 

Density 0.838 kg/l 0.82-0.845 kg/l 
Coefficient of volumetric thermal expansion 0.95. 10-3 K~! at 20 °C 

Calorific value 42.6 MJ/kg 39-43.2 MJ/kg 

Carbon dioxide emission upon combustion 2.65 kg/l 

Speed of sound in diesel approx. 1400 m/s at 20 *C, standard pressure 


hydrocarbon molecules that burns, and each molecule has its own stoichiometric com- 
bustion equation): 


2C, Hon + 3n02 > 2nC0, + 2nH20 (2.1) 


Carbon has a molar mass of 12 g/mol and hydrogen has a molar mass of about | g/mol, 
so the fraction by weight of carbon in diesel is roughly 12/14. When combusted, 12 g 
of carbon yield 44 g of carbon dioxide—carbon dioxide is formed by 2 atoms of oxy- 
gen, each of which has a molar mass of 16 g/mol, and one atom of carbon, whose molar 
mass is 12 g/mol). With this information, you can calculate how much carbon dioxide is 
released per liter of diesel: 


12 44 
0.838 kg/1- | — -| < = 2.63kg/l (2.2) 
14 Mass C/C+H 12 Mass CO2/C 


The figure obtained with this estimate is close to the value of 2.65 kg/l! usually cited in 
the literature. 

Diesel becomes more viscous at low temperatures, and it loses some of its ignition 
quality. However, the usability of diesel at low temperatures can be improved with cer- 
tain additives. The winter properties of diesel can also be enhanced as part of the refining 
process. On the other hand, better winter properties are typically associated with a lower 
diesel yield in the refinery, which translates to higher production costs. 

Apart from the classic fossil diesel fuel from petroleum (petrodiesel), there are also 
many diesel fuels from biomass [7]. These differ in their physical and chemical proper- 
ties not only from each other but also from fossil diesel fuel [9]. 

Diesel fuel from mineral oil can be mixed with diesel that has been produced from 
biomass. In Germany, diesel with a biodiesel component of 7% (also called B7 diesel) 
has been used as the standard fuel in vehicles with diesel-powered engines since 2009. 


'For gasoline, with a density of 0.75 kg/l and a ratio of carbon to hydrogen atoms in the order of 
about 6 to 14, the value is: 

(6 - 12) 44 
(6-12+14-1) 12 


0.75 kg/l - = 2.3 kg/l (2.3) 
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Table 2.2 Air 


Air Value Comment 

Density 1.293 kg/m? Under standard conditions 
Speed of sound 331.5 m/s Under standard conditions 
c, 1.005 kJ/kg K Spec. heat capacity isobaric 
Cy 0.718 kJ/kg K Spec. heat capacity isochoric 
Molar mass 29 g/mol 

Primary constituents (approximate fraction by mass) 

Nitrogen percentage N, 76% 28 g/mol 

Oxygen percentage O, 23% 32 g/mol 

Argon percentage Ar 1% 40 g/mol 

2.1 Air 


In order for the diesel fuel to be combusted, it needs oxygen. This is introduced into the 
combustion chamber as a constituent of the air. Air consists of about 23% oxygen. The 
properties of air are listed in Table 2.2. The gas carbon dioxide, CO,, which is the largest 
contributor to human-induced global warming, has a share in the air of 400 ppm, which 
corresponds to 0,04%. The atmosphere is very sensitive to the release of certain gases. 
Before the onset of industrialization the percentage of carbon dioxide in the atmosphere 
was less than 280 ppm. Mankind has increased the carbon dioxide content of the air by 
45% in the last two centuries [24]. 


2.2  TheAir-Fuel Equivalence Ratio ^ 


In order to describe the ratio between the air and fuel present in the combustion chamber, 
the air number X is defined. ~ is the ratio between the mass of air that is actually present 
and the mass of air that would be required for stoichiometric combustion of the fuel. 
Stoichiometric means that all fuel molecules react completely with the oxygen in the air, 
leaving no oxygen that has not participated in the reaction: 
Mair 
a MAir, Stoichiometry (2.4) 
When A= 1, the amount of air actually present is equivalent to the stoichiometrically 
required quantity of air that is just sufficient to assure complete combustion. 
A> 1 represents excess air. There is more air present than would be needed to convert 
all of the fuel (under ideal combustion conditions). This is called a lean mixture. \<1 
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represents air deficiency. There is not enough air to completely combust all of the fuel. 
This is called a rich mixture. 

It is important to get the stoichiometry of the air-fuel mixture right in order to run the 
engine at maximum efficiency (all fuel is consumed) and, at the same time, prevent pol- 
lutants from forming (see Sect. 7.2.1.1). Especially in the diesel engine, the air number 
of the mixture can vary widely between regions in the same combustion chamber. 


® 
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The Mechanics of the Engine 


The heart of the engine is the engine block or cylinder block. This accommodates the 
crank assembly. 

The oil pan is located below the engine block. The cylinder head(s) is/are mounted on 
top of the engine block. Some engine designs have single cylinder heads and others have 
integral multi-cylinder heads. Recent commercial engine designs typically feature mul- 
ti-cylinder heads. This enables the engine to be built shorter. 

Figure 3.1 shows a modern commercial vehicle engine that has been in serial pro- 
duction since 2012 and is fitted with the appropriate emissions control system ensuring 
compliance with the Euro VI emissions standard. It is an inline six-cylinder engine with 
multi-cylinder head, 4 valves per cylinder and two overhead camshafts. In this engine, 
the gear train that drives the camshafts is located at the rear (other commercial vehicles 
have the gear train at the front). The exhaust routing with turbocharger and EGR cooler 
components also appear quite prominently in the figure. In the case of inline engines, 
it is logical to mount the fresh air supply on one side of the engine, and to collect the 
exhaust gas and mount the turbocharger and exhaust gas return on the other side. These 
two sides are called the hot side of the engine (where the exhaust gas is directed) and the 
cold side (the fresh air side). 

Engine variants are often adapted for use in special vehicles. For example, Fig. 3.2 
shows a variant of the engine shown in Fig. 3.1. In Fig. 3.2 the engine is modified for 
horizontal installation, so that it takes up less vertical space. The engine is then suitable 
for use in the special installation space of a bus. The horizontal form needs a number of 
modifications. In particular, the lubrication system has to be adapted. 

Figure 3.3 shows a V-engine in a design from almost 20 years earlier with eight cylin- 
ders, each with a separate cylinder head (single cylinder head). The camshaft is located 
underneath (not in) the cylinder head and actuates the valves via pushrods. It is clearly 
visible that the V-configuration of the cylinders allows for a shorter engine construction. 
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Fig. 3.1 Exploded view of the Mercedes-Benz OM936 commercial engine. This shows the commercial 
vehicle variant, a conventionally “vertical” engine. Fig. 3.2 shows the variant for horizontal installation 
in buses (Photo: Daimler) 


i 


j] 


~% 


Fig. 3.2 Exploded view of the Mercedes-Benz OM936 for horizontal installation, for example, in buses 
(Photo: Daimler) 
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Ian 


OM 502 LA engine BM 542.920 
(longitudinal section) 


` OM 502 LA engine BM 542.920 
(cross-section) 


Fig.3.3 Graphical representation of a V-engine with inboard camshaft. This is the OM502 engine 
from Mercedes-Benz, which is used widely in heavy commercial vehicles. Over the years, this engine 
has undergone several refinements to comply with emissions requirements up to and including Euro V. 
(Image courtesy of: Daimler) 


Two piston rods are arranged side by side and act on a crank throw of the crankshaft. 
The V-shaped arrangement means that the engine becomes wider from bottom to top as 
is shown in the cross-section. By design, the V-engine needs exhaust pipes on both sides 
of the engine to expel the exhaust gas from the cylinders. In the example shown, the 
exhaust gas is discharged to the turbocharger in the rear. The hoses and pipes of the fresh 
air supply are located on top of the engine (in the V) and ventilate both cylinder banks. 
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3.1 The Crank Assembly 


The crank assembly converts the expansion of the combustion gas into rotary motion. 
The expanding gas forces the piston in the cylinder towards the crankshaft. The linear 
motion of the piston is converted into rotary motion via the connecting rod (piston rod) 
and the linear offset of the crankshaft. Figure 3.4 illustrates the crank assembly. On the 
left, the major components are identified in a real engine, the diagram on the right shows 
the most important geometric variables. The crank assembly shown here is the simplest 
form of crank assembly, such as are to be found in modern commercial vehicles. 


3.1.1 The Piston 


The piston is the starting point of the mechanical movement in the engine (Fig. 3.4). 
Combustion is started in its piston cavity or combustion bowl and drives the pis- 
ton downward. The shape of the piston bowl is an important lever for controlling 
combustion. 


Piston dis- — — erronea TDC 
placement 
s() 
Y Connecting rod 
T: Connectin x length I 
| Camshaft |) x 
rs A ne ae 
Crankshaft J ` 
x= Stroke| x“ 
’ H=2r 
Crank radius r 
Crankshaft 
angle Y 


Fig.3.4 a Cross-section through the Mercedes-Benz OM926 diesel engine. (Photo: Michael Hilgers) b 
Important geometric variables of the crank assembly 
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The piston sees high temperatures and therefore needs to be cooled. 

Pistons are often made of aluminum-silicon alloys. Aluminum allows for low 
weight while maintaining good structural strength. In addition the aluminum piston is 
easy to manufacture. Driven by emissions legislation and the desire for ever more effi- 
cient engines, the ignition pressure in the combustion chamber has been continuously 
increased. For some years now, steel pistons have therefore become necessary (above an 
ignition pressure of around 200 bar). 

The piston rings, which are located on the circumference of the piston in the so-called 
ring grooves, seal the combustion chamber against the crankcase. They also transfer heat 
from the very hot piston to the oil and the cylinder wall. The piston rings must outlast 
the entire engine life without fracture and are optimized for good sealing and the lowest 
possible friction (Fig. 3.5). 

The explosion of the fuel combustion initially sets the piston in a linear motion. This 
is converted by the crankshaft drive into a rotary motion: The piston is tiltably attached 
to the small eye of the connecting rod by the piston pin. The connecting rod in turn trans- 
mits the piston movement to the crankshaft. 

The rotary motion of the crankshaft drive means that the piston returns to its original 
position “quasi automatically”: Due to the momentum of the rotary motion and by the 
fact that (in the case of a multi-cylinder engine) the other cylinders drives the crankshaft 
as well, the piston moves upwards again and, in the case of a four-stroke engine, per- 
forms another up and down motion (the first and second strokes from Sect. 1.0), during 
which no work is performed but energy is actually consumed. 


3.1.2 The Motion of the Piston 


Using the variables in Fig. 3.4, the distance of the piston from top dead center s(@) can 
be calculated from the crankshaft angle ¢. When p=0, x'=/ and x" =r, so s(p)=0; the 
piston is at top dead center: 


Abb. 3.5 Picture of the piston Cylinder liner 
with connecting rod and cylinder 
liner (Photo: Mahle) 


. Combustion bowl 
Piston 
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Piston bolt 


Connecting rod / 
Conrod 
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s(p) =l+r=x"—xY (3.1) 
=Il+r—r-cos¢—\/2—1?-sin’ ġ (3.2) 
l EX, 
=r|1+--—cosp — (7) — sind (3.3) 
r r 


The connecting rod ratio or piston rod ratio X, is defined as follows: 


r 


As = 5 (3.4) 


A small >, means that the length / of the connecting rod is large, and the crank r of the 
crankshaft is short. r determines the stroke of the engine. A small length 1 of the con- 
necting rod (large ^ ) means that the engine might be less high. At the same time the 
connecting rod is tilted more, resulting in more friction, so engine designers must find a 
compromise here. 

Equation 3.3 can be written with the connecting rod ratio: 


sid) = 1r]1 cos 6+ (1-1 sin?) | (3.5) 


The current cylinder volume for a cylinder with a circular base area is obtained by: 


D2 
V@)=Vet ern O) (3.6) 


Here, D is the diameter of the cylinder, which in engine speak is called the bore. 
Vo=V nin (C stands for compression) defines the volume remaining in the cylinder when 
the piston has reached top dead center. 

The total volume of the cylinder when the piston is at bottom dead center is found 
from the swept volume V „ and the compression volume V ¿: 


D2 
Vmax = Vo + Va = Ve +1 '2:r (3.7) 


The compression of the engine e is defined by!: 


Ve + Va _ Vmax 
Ve Vin 


(3.8) 


The total cubic capacity of the engine is calculated from the number of cylinders z and 
the cylinder displacement V,,=z - V,,. 


' € pronounced: epsilon. 
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Fig. 3.6 Ratio of stroke to bore for various modern commercial vehicles. The solid line denotes a ratio 
between stroke and bore of 1.2. The dashed lines show the stroke-bore combinations for certain cylinder 
volumes. The data points show the bore and stroke of different series production engines 


An important geometric characteristic of the engine is the ratio of bore to stroke, i.e. 
the ratio between the piston diameter and the maximum path traveled by the piston, from 
top dead center to bottom dead center. Figure 3.4 shows that the stroke H is equal to 
twice the radius of the crank radius r. In the field of engine building for commercial vehi- 
cles, a ratio of stroke to bore of about 1.2 is generally accepted—see Fig. 3.6. 

Equation 3.5 is often used to obtain an approximate expression of piston speed and 
piston acceleration. The following Taylor series expansion applies for small values of x: 


1 1 
VS Li Ee en (3.9) 


This enables Eq. 3.5 to be expanded according to ^ „ and applying”? equation 2sin? 
x = 1 —cos(2x) returns: 


1 
= 1-coso + (1- 1 = 2sin?) (3.10) 
r A 


S 


1 1 

~1-coso + (1- (1-325i0:6)) (3.11) 
As 2 

n oa 1/2. 24 3.12 
= 1 — COS —1| — sn 

A 2 et 


22 sin? x=sin? x+cos? x+sin? x— cos? x=1-— (cos? x— sin? x)= 1 — cos(2x) In the last conver- 
sion, one of the addition theorems is applied. 
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=1-cosd+ Za — cos (2¢)) (3.13) 


The piston acceleration is calculated from the angular velocity w = dø/dt according to: 


des 

a rw (coso + A; cos (2$)) (3.14) 
An acceleration always corresponds to an acting force. They are referred to as the inertia 
forces. Inertial forces include two components: the first order component F, rotates at the 
same speed as the crankshaft, and the second order component F, rotates at twice this 
speed?: 


Fr =m: rocoso (3.15) 


F> = m- 10°), cos (2$) (3.16) 


The moving mass of the components is incorporated linearly in the inertia forces, so in 
order to reduce the inertial forces it is desirable to make the pistons and connecting rods 
as lightweight as possible. The forces increase quadratically with the speed w. As the 
engine turns faster, the inertial forces increase significantly. 

In Eq. 3.4 we have determined A, = r/l. If the connecting rod length | is chosen to be 
large compared to the stroke of the piston or the cranking of the crankshaft r, X, becomes 
small and the mass forces of higher order in Eq. 3.14 and 3.16 disappear. 

In an inline 6-cylinder engine, and in V-6 and V-8 engines as well, the throw crank of 
the crankshaft is designed so that the inertia forces of the different pistons cancel each 
other out, and the resulting inertia force of the total drivetrain ceases to exist. In an inline 
four-cylinder engine, this is not possible. Second order inertia forces arise. This is why 
4-cylinder engines run less smoothly than 6-cylinder engines. 

Four- and 5-cylinder engines can be made to run more smoothly with some additional 
engineering-design work. Balance shafts, which are driven by the crankshaft, rotate in 
a fixed ratio to the engine speed (simple or double engine speed). These balance shafts 
are equipped with centrifugal weights to generate targeted additional inertial forces that 
counteract the inertial forces of the crankshaft so that the resulting sum of the inertial 
forces is reduced or eliminated entirely. They also have the effect of reducing vibration 
and engine noise. 


Crankshaft Offset and Piston Pin Offset 
The piston is not aligned symmetrically with the cylinder wall inside the cylinder. Within 
the piston clearance, the slanted path of the connecting rod causes the piston to be 


3In reality, there are also additional higher order inertia forces. These are truncated by the approxi- 
mation in Eq. 4.11. 


3.1 The Crank Assembly 17 


Axis of rotation Y 
| of the crankshaft | I 
I os — 
Axis of symmetry Piston pin offset: Piston pin not Crankshaft offset: 
of the cylinder in the axis of symmetry of the Axis of rotation of the 
cylinder crankshaft not in the axis of 


symmetry of the cylinder 


Fig. 3.7 Piston pin offset and crankshaft offset: a shows a symmetrical crank assembly: The axis of 
rotation of the crankshaft, the axis of symmetry of the cylinder and the axis of rotation on the connecting 
rod are all on the same line. In diagram b, the piston pin is shifted out of the axis of symmetry of the 
cylinder: Axial offset. The axial offset is greatly exaggerated in the diagram to illustrate the case more 
clearly. In e it is the axis of rotation of the crankshaft which is not in the axis of symmetry of the cylin- 
der: This is called crankshaft offset 


pressed more heavily against the cylinder wall on one side. At top dead center, the piston 
tilts to the other side. This tilting action coincides with the high combustion pressure 
at top dead center. It may be advantageous with regard to wear, noise generation and 
engine fuel consumption if the change of bearing side does not occur exactly at top dead 
center. To do this, the piston is offset axially: the piston pin (the tilt axis of the piston) is 
pushed slightly out of the axis of symmetry of the cylinder. Figure 3.7 illustrates piston 
pin offset. 

Crankshaft offset is another possible way to optimize the crank assembly. If the 
crank assembly is offset, the axis of rotation of the crankshaft (the crankshaft bearing) is 
shifted relative to the axis of symmetry of the cylinder. 


3.1.3 Blow-by Losses and Crankcase Ventilation 


During the compression of the gas in the engine and also during the expansion of the 
ignited gas a small proportion of the gas escapes through the gap between the cylinder 
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wall and the piston. The piston rings are not completely tight. These gas losses are called 
blow-by losses. The blow-by losses in the compression phase reduce the compression 
slightly. Blow-by losses during the combustion phase are much more significant. Hot gas 
containing fuel and pollutants enters the crankcase. The engine oil is diluted with fuel 
and contaminated by the pollutants. In a good engine, these losses amount to less than 
1% of the gas volume.* 

If no adequate precaution are taken, the gas collected in the crankcase would result in 
a high pressure that would slow down the piston. This unwanted pressure build-up in the 
crankcase is prevented by the so-called crankcase ventilation. The gas to be vented from 
the crankcase is mixed with oil mist. So an oil separator is required to separate the oil 
and the gas. The oil separator might be a centrifuge or a filter. The separated oil is routed 
back into the oil sump and is then available for the oil circuit again. The remaining gas 
cleaned from oil can be treated in an open or a closed ventilation system. In a closed 
crankcase ventilation the cleaned gas is fed back into the engine intake tract. In an open 
system the cleaned gas is released into the environment. In emission measurements, this 
gas is added to the exhaust gas to measure ALL emissions of the engine. High crankcase 
and piston rigidity minimize blow-by losses and thus fuel consumption. 


3.2 The Valve Train and the Gear Train 


The valves open and close in time with the combustion phases of the engine to allow 
fresh air to be drawn into the combustion chamber and to exhaust the combustion gases 
out of the combustion chamber see the explanation of the 4-cycle principle in Sect. 1.0. 

A rotating shaft with cams is responsible for opening the valves: the camshaft. The 
camshaft of the valve train is directly connected mechanically to the crankshaft, so that 
the valves and the crankshaft always move in a fixed relationship to each other. In a four- 
stroke engine, the valves must open once every second revolution, so that there is a ratio 
required between crankshaft speed and camshaft speed of two to one. 

Figure 3.8 shows several ways that are used to enable the camshaft to actuate the 
valves. In the simplest variant, the cam presses a bucket tappet directly against the valve, 
pushing it down into the combustion chamber and unblocking an opening. As the cam 
passes on, the value is retracted again by the valve spring and returns to the valve seat. 
With both, an end-pivot rocker arm and a rocker arm the cam acts on a lever, and the 
pivot-mounted lever moves the valve. The lever allows an additional translation ratio to 
be created between the cam height and the valve lift. The shape of the cam determines 


*Even with only 0.5% blow-by loss, the volume of gas forced into the crankcase is considerable. 
At 2000 rpm in a 4-stroke engine with 6 cylinders we have 6000 ignitions per minute. Assuming 
only 2 L of gas per cylinder (might be much more, charging of the engine not considered) and 
0.5% gas loss, you get 60 L of blow-by gas per minute. Therefore the crankcase must be vented. 
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Fig. 3.8 Various valve actuation arrangements for modern engines with overhead valves (OHV) 


the opening curve of the valve. If the camshaft is located above the combustion chamber 
in the cylinder head, it is called an overhead camshaft (OHC®). If the camshaft is not 
located in the cylinder head (in the crankcase instead), the cam stroke is transmitted via 
pushrods—Fig. 3.8d). 

Figures 3.3 and 3.4 show an engine with bottom-mounted camshaft. The channel 
through which the pushrod moves upwards is clearly visible. Figures 3.1 and 3.2 show 
an engine with overhead camshaft. 

Each combustion chamber must have at least one intake valve and one exhaust valve. 
Two intake and two exhaust valves are provided to make the gas exchange process more 
efficient. In this case, the engine is described as a four-valve engine. Four-valve engines 
are somewhat more complex than two-valve engines, but the advantages in terms of fill- 
ing and emptying the cylinders are so significant that practically all commercial vehicle 
engines built in recent years have four valves per cylinder. 

Today's engines are designed with overhead valves, which means that the valves are 
located above the combustion chamber and move into the combustion chamber when 
opened. These are referred to as OHV engines.° The camshaft (and other components) 
are driven by the so-called gear train. There are engines in which the gear train is located 
at the front in the direction of travel and others in which the gear train is located at the 
rear (in the direction of travel). 

The valves (and also the valve seat inserts in the cylinder head) have to withstand high 
temperature loads: The exhaust valve is located and operated in an aggressive gas with a 
temperature of up to 800 °C and has to withstand around a billion opening and closing 


5 OHC = overhead camshaft. 
6 OHV = overhead valve. 
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cycles in a vehicle's lifetime: With an engine mileage of >1.2 million km, the engine will 
run for more than 25,000 operating hours. With an average of 1200 rpm, we obtain 1.8 
billion revolutions. With every second revolution, the valve opens and closes. 


3.3 The Engine Brake 


Engine brake systems are continuous braking systems that are designed to relieve the 
load on the service brake. 

Besides the engine brake, the retarder is an additional system that enables continuous 
braking involving (almost) no wear. Some retarders work according to the eddy current 
principle, others use the viscous drag between dynamic and static vanes of a rotor in a 
fluid [5]. Retarders are not usually a part of the engine. 

Engine braking systems increase the turning resistance to slow the vehicle down. 
They only take effect when the engine is coupled to the axle, i.e. when the clutch is 
closed and a gear is engaged. The lower the gear engaged, the greater the retarding effect 
created by the engine braking torque. 


3.3.1 The Exhaust Flap Valve (Exhaust Brake) 


In the exhaust brake, a pneumatic cylinder or an electric actuator closes a throttle valve 
in the engine’s exhaust system. This generates a counterpressure which prevents the pis- 
tons of the engine from discharging the gas from the cylinder in the 4th phase (exhaust 
phase). The pistons are slowed down. This in turn decelerates the vehicle. The pressure 
in the exhaust duct must not exceed certain limits, as otherwise there is a risk that the 
pressure from the exhaust port will act on the rear of the exhaust valve plates, causing 
them to open into to the combustion chamber when they are not supposed to. This limits 
the maximum possible braking effect of the throttle valve. 


3.3.2 The Decompression Brake 


When the engine is rotating without supplied fuel in braking operation, the engine move- 
ment is slowed down (and the vehicle along with it) when the gas is compressed in the 
cylinder by the piston (compression phase). When the gas is allowed to expand and the 
piston moves rapidly downwards again, (some of) the energy that has been introduced into 
the gas is put back into movement. In order to increase the engine’s braking torque, it is 
advantageous to stop the compression work from being turned back into kinetic energy 
in the next engine phase. To achieve this, the pressure in the cylinder gas has to be dissi- 
pated (i.e. decompressed, at the end of the compression phase) This prevents any signifi- 
cant amount of work from being transmitted to the crankshaft during the expansion phase. 
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3.3.2.1 Decompression Through the Exhaust Valves 

The gas can be decompressed at the end of the compression stroke by opening the 
exhaust valves — or valves provided specifically for this purpose in the cylinder head — 
at the end of the compression stroke. To do this, the exhaust valve or a valve installed 
additionally is/are opened at the end of the compression phase so that the pressure in 
the cylinder is dissipated (decompressed). Consequently, no more work can be deliv- 
ered to the crankshaft during the expansion phase, since the energy used for compression 
has already been dissipated by the decompression action. This braking system is often 
referred to colloquially as the Jake brake. The sudden decompression of the air generates 
loud noises. These must be damped with suitable mufflers and soundproofing capsules. 


3.3.2.2 The Constant Throttle Valve 

The constant throttle valve is an extra valve with a small cross-section that remains open 
throughout the engine braking action. This has the effect of continuously decompress- 
ing the compressed gas in the cylinders. The permanently-open constant throttle valve 
reduces the braking effect in the compression phase a little. The cross-section of the con- 
stant throttle valve is much smaller than that of the gas exchange valves. This is unavoid- 
able firstly because of the limited space in the cylinder head, and secondly because it 
limits the (undesirable) reduction of the braking effect in the compression phase. Since 
the constant throttle valve remains open throughout the entire engine braking action, its 
mechanical construction is very simple (simpler than a Jake brake). 


3.4 Lubrication 


The engine’s oil circuit ensures that sufficient lubrication reaches surfaces that rub 
against each other during operation. Oil is delivered, for example, to the crankshaft bear- 
ings, the camshaft bearings and the valve lever mechanisms. Of course the turbocharger 
and the gear train are also oiled. 

The engine oil is circulated by the oil pump, which is driven mechanically by 
the drivetrain. Variable displacement oil pumps with adjustable pump volume are 
used to reduce the power consumption of the oil pump and thus also to decrease fuel 
consumption. 

In the oil circuit, the oil passes through an oil filter to filter it. The oil filter is 
equipped with an overpressure bypass which opens when the pressure upstream of the oil 
filter increases. This ensures that the oil supply is not disrupted by a clogged oil filter. To 
provide with oil filters with long service lives, the filter manufacturers try to incorporate 
the largest possible active filter surface in them. This is why the filter medium is artfully 
folded and convoluted. 

The engine is closed at the bottom by the oil pan. The engine oil is collected in the oil 
pan. Figure 3.9 shows the lubrication channels, the oil filter, the oil pump, the oil pan and 
other oil-transporting parts of a commercial vehicle engine. 


22 3 The Mechanics of the Engine 


Lubrication diagram for OM 906 LA engine (SKN/R) 
BM 906.921 


Fig. 3.9 Lubrication diagram for an OM906 engine (Image: Daimler) 


Besides its lubricating function, the oil circulation also has a cooling function. The 
oil circulation transports heat away from particularly hot areas of the engine. The piston 
head is cooled from below by oil delivered through oil spray nozzles. The engine oil 
is heated up during its journey through the engine and is cooled down again in the oil 
cooler. 

The oil circulation in the engine of a long-distance commercial haulage vehicle 
(engine displacement ~ 121) has a noteworthy volume of about 301. The oil circuit 
contains several liters of oil that are not completely removed even during an oil change. 
Therefore, the amount of oil used when the engine is filled for the first time during pro- 
duction must be several liters greater than the quantity of oil that is changed during a 
service (service quantity). 
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Integrating the Engine in the Vehicle 


The diesel engine must be integrated in the vehicle. It has many connection points with 
other vehicle systems, as is shown schematically in Fig. 4.1. For each of these interfaces, 
the requirements that must be met from both system connected must be defined during 
development of the vehicle. 

With a defined interface, the engine can be flange-mounted on the drivetrain. The 
mechanical motion of the engine’s crankshaft is transmitted to the transmission via the 
clutch (see [5]). The mechanical connection between the engine and the transmission 
with a clutch is standardized, so transmissions from different manufacturers can be con- 
nected to different engines. 

The engine also provides the mechanical driving force needed by various auxiliary 
consumers. For example, the air compressor, the power steering pump and refrigerant 
compressor are driven by the engine’s belt drive. 

The engine mounts or drivetrain bearings support the weight of the engine and trans- 
fer it to the vehicle frame. In order to dampen the vibration of the engine during normal 
operation (NVH insulation) and to absorb the shaking movements of the engine during 
the launch, for example, the engine mounts are equipped with an elastomer damping 
element. 

The engine, detachable parts and the lines that connect the engine to the vehicle must 
be fitted in the available installation space. This is called packaging. When dealing with 
cab-over-engine vehicles, this is an extremely challenging task. The space below the cab 
which the engine must share with chassis components such as the axle, suspension and 
steering assembly, is quite limited. 

The engine must be connected to the air intake and to the exhaust system, which dis- 
charges the exhaust gases to the outside through the exhaust gas treatment system. 

Supply lines are needed for transporting the fuel to the engine and return lines 
to return excess fuel to the tank. The engine is also connected to the cooling sys- 
tem. Airflow through the engine compartment—particularly when the vehicle is 


© Springer-Verlag GmbH Germany, part of Springer Nature 2022 23 
M. Hilgers, The Diesel Engine, Commercial Vehicle Technology, 
https://doi.org/10.1007/978-3-662-65 102-5_4 


4 


24 4 Integrating the Engine in the Vehicle 


Aal ee a O N 
(e p e 
( ` 
| 
iy = @ 
© fi. 
4 mO 


\ eS ee 


Drive of the drivetrain Auxiliary consumers 
(air compressor, power steering pump, 
air-conditioning compressor) 


Mechanical mounting Packaging 

Air supply Exhaust 

Fuel supply Fuel return line 
Coolant inlet Coolant outlet 

Air purge in engine compartment Ambient air outlet 
Electric data input Electronic data output 
Electric supply 


Fig. 4.1 Schematic diagram of the many interfaces between engine and vehicle 


moving—also helps to cool the engine as well as the cooling system. It then passes over 
the underside of the vehicle. As a consequence, very warm air comes into contact with 
vehicle components mounted behind the engine, on the frame, for example. When inte- 
grating the engine in the vehicle, care must therefore be taken to ensure that the resid- 
ual heat from the engine will not have any harmful effects on other vehicle components. 
For this—if necessary—airflow under the cab is guided in order not to damage sensitive 
components. 

The engine electronics system is connected to the vehicle electronics system, since 
the engine controller needs a lot of information about the vehicle. The most important 
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information is without a doubt the driver’s intentions. What does he want the engine to 
do at any given time? Additional data such as information about the status of other vehi- 
cle systems or the temperature outside are also processed in the engine control unit. 


4.1 The Cooling System 


Over 50% of the energy in diesel fuel is released in the form of heat. Much of this heat is 
rejected in the exhaust gas (about 30% of the total energy) or is rejected by the cooling 
fluid of the engine (about 20% of the total energy) [6]. Hence the need for a high-perfor- 
mance cooling system. Figure 4.2 is a schematic diagram of the vehicle’s cooling system 
that cools the engine. Various components insert heat into the cooling system. The dom- 
inant source of heat is the combustion chamber. Additional heat is inserted by e.g. the 
AGR-cooler, the oil circuit, the air compressor and the retarder if the vehicle as one. 

A powerful cooling system is needed to operate a combustion engine (by the way, for 
fuel cell operation or battery electric vehicles cooling systems are needed as well). The 
cooling system must ensure that engine parts and neighboring components are not over- 
heated. The worst case scenario for the cooling requirements in a truck usually is when 
the truck is fully loaded travelling at low speed in very warm weather on a very steep 
uphill gradient. 

The cooling system consists of the above mentioned heat sources, of actuators like 
pumps and fans that might be electronically controlled, of components that dissipate the 
heat to the environment and of coolant lines. 

Some of the coolant lines are realized as cavities and channels in the cylinder head 
and the engine block. Others are constructed on the engine as coolant pipes and hoses. 
The coolant is circulated by the water pump. When the lines are installed, it is important 
to avoid stagnation regions; these are locations where the coolant settles and does not 
move. 

In vehicles with a hydrodynamic retarder, the thermal energy generated when the 
retarder is used for braking is rejected through the engine's cooling system. 

To increase the cooling capacity of the cooling system, the radiator is equipped with a 
so-called fan, which conveys additional air through the radiator as required. The drive of 
a fan for a heavy truck engine requires considerable mechanical power. At full fan drive, 
the power requirement is 25 to 30 kW. This mechanical power must be applied by the 
engine and causes correspondingly additional fuel consumption. For this reason, truck 
manufacturers strive to design the cooling system in such a way that the fan is switched 
on as seldom as possible. 

How often the fan is switched on depends on a number of external parameters. These 
are outside temperature, driving speed, total weight of the vehicle and the route topog- 
raphy. The vehicle configuration also contributes to the frequency with which the fan is 
switched on: Engines with a (high) EGR rate contribute more heat to the cooling system, 
so that the fan must support the cooling system more frequently. 
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Fig. 4.2 Schematic diagram of the main water cooling system in a commercial vehicle 


4.2 The Engine Needs Fresh Air: The Air Intake 


As was mentioned earlier, the engine needs oxygen for the combustion process. This is 
taken from the air with which the engine cylinders are filled. The air intake supplies the 
necessary air. 

The amount of air the internal combustion engine needs is enormous, as illustrated by 
the following example: When a 12-1 engine rotates at 1500 rpm, since half of the cylin- 
ders are filled with air at each revolution, the engine must pump 9000 | of air per minute 
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Fig. 4.3 Design variants of the air intake systems. Left: Air intake duct on the side of the cab; right: 
Air intake duct behind the cab. In both of the variants shown here air is drawn high up on the cab roof. 
(Photos: Daimler) 


(121- 0.5 - 1500 rpm=9000 I/min!). And this does not take into account the turbocharg- 
ing, which actually forces more air into the cylinders than their 12 1 swept volume. 

A great deal of attention is focused on the geometric configuration of the air intake. 
The cross-section of the air intake duct must be large enough to minimize air friction 
in the intake. This reduces the amount of energy needed to transport the air through 
the intake duct. After all, the energy for this must be supplied by the diesel engine. 
Moreover, when the air intake cross-section is large enough, the inflow speed of the air 
is reduced. High inflow speeds are undesirable, as the air at high inflow speeds tends to 
carry more water and dust with it. 

Air is often drawn in below the windshield at the front of the vehicle or the opening 
for the air intake is located at the top of the vehicle, because the air at that height holds 
less dust (from the road). Figure 4.3 shows two variants of the air intake duct at the top. 


'Tn comparison, humans breathe about 15 times per minute, with a respiratory volume of about 3 1 
per breath. The total volume of air breathed comes to about 45 1 per minute. 
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Fig. 4.4 Air intake system 
integrated to the hood for a 
North American trucks. The 
bottom view of the hood is 
shown. (Foto: Daimler) 


For conventional cabs in North America, air intakes are often located on the side of the 
hood. Figure. 4.4 shows a hood for a North American truck. 

By the time it reaches the engine, the air must be clean. Larger foreign bodies, like 
leaves or cigarette butts thrown out of the vehicles ahead are trapped by nets in front 
of the actual air filter. Larger quantities of water must also be prevented from passing 
through the air intake. 

This moisture must be reliably removed before the air reaches the air filter (to protect 
it); this also applies during wet weather or when the vehicle is washed. 

The air drawn in is filtered by the air filter. The filter element must be replaced period- 
ically. To determine how heavily loaded the filter is, the difference in air pressure before 
and after the filter is measured. If this pressure difference is greater than a threshold value, 
the filter element is full and must be replaced. In some cases, the customer can select a 
larger filter as a special equipment item, thereby prolonging the filter change interval. 

For European cab-over-engine vehicles, the air intake duct is mounted on the cab— 
see Fig. 4.3. The air filter is typically mounted on the chassis. This is why there is a 
flexible transfer point in the air intake duct to compensate for differences in movement 
between the cab and the chassis. This transfer point is designed so that the intake duct 
comes apart when the cab is tilted. 

For tractors with a conventional cab and a hood, the air intake is designed as a struc- 
tural component under the hood. It consists of a hood plenum for removing water, dirt 
and for ducting air to the air filter. 

After the air filter, the air is ducted to the engine. The objective is to ensure that the 
distribution of the air speed is as homogenous as possible across the air intake cross-sec- 
tion. The efficiency of the turbocharger for compressing the clean air improves if the 
speed distribution of the inflowing air is homogeneous. 
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The air for combustion should be as cool as possible (high density) when it enters 
the combustion chamber. Therefore the ambient air that is drawn in should be as cool as 
possible: the position and opening of the air intake is designed so that the air it draws in 
is not only clean but also as cool as possible. After the air has been compressed by the 
turbocharger, it is usually cooled in the charge air cooler. 
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The Fuel System and Fuel Injection 


The fuel system consists of a low-pressure system and a high-pressure system. The 
low-pressure system includes the fuel tank, a fuel pump, the fuel filter and the low-pres- 
sure lines. The fuel filter in the low-pressure fuel system filters particles out of the fuel. For 
operation in countries where the diesel has a higher water content, an additional water sep- 
arator is installed in front of the main fuel filter. The water separator must not only remove 
the water from the diesel, it is also important that the residual hydrocarbon content in the 
water be as low as possible so that the water can be disposed of without any complications. 

The high-pressure system—the injection system—begins with the high-pressure 
pump. High-pressure lines and the injection nozzles (injectors) bring the pressurized die- 
sel fuel into the combustion chamber. Modern diesel engines usually work with direct 
injection, unlike older models in which the diesel fuel is injected into a precombustion 
chamber or a swirl chamber. Injection takes place just before the piston reaches top dead 
center. Figure 5.1 shows a diagram of a commercial vehicle fuel system. 

The injection of diesel fuel into the cylinder is one of the keys to a clean, efficient engine. 

The purpose of the injection system is to inject the desired quantity of diesel fuel and 
to manage the injection process so as to ensure that the fuel and the air are thoroughly 
mixed in the combustion chamber. 

Optimization objectives that are influenced by the injection process are, for example: 


e compliance with noise and emission limits, 

e optimum fuel efficiency, 

e high performance, 

e properly measurable power delivery, 

e an agreeable combustion sound (no running rough), and 
e smooth engine running. 
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Fig. 5.1 Schematic diagram of the fuel system for a common rail engine 


Highest possible injection pressures ensure that the desired quantity of diesel is 
injected quickly.! The high injection pressure atomizes the fuel and spreads it effectively 
to all parts of the combustion chamber. This results in even, complete combustion. 

By controlling the injection process and the partial injections exactly, the combustion 
process in the cylinder can be optimized. For example, a pre-injection ensures a certain 
quantity of very well mixed fuel-air mixture is already present at the time of ignition. 
This makes for a smoother combustion process, the engine noise is less harsh and the 
amount of uncombusted hydrocarbons is reduced. To avoid the formation of thermal 
nitrogen oxides, the main injection should not take place too soon. Post-injections serve 
for example to ensure that combustion is as complete as possible, creating as little soot 
as possible. The injection process is also adjusted to temporarily increase the exhaust gas 
temperature and thereby regenerate a diesel particulate filter—we will see this technique 
again in the section on exhaust gas aftertreatment Sect. 6.2. 


'The lowest bottom limit for the injection pressure is derived from the compression pressure. The 
compression pressure must be overcome before any diesel can be injected into the cylinder at all. 
The upper limit of the injection pressure is of a rather technical nature and is constantly shifted 
upwards. 
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The High Pressure Pump 

The mechanical in-line injection pump has proven itself as a popular and reliable high 
pressure pump design over many years. Inside the pump, a camshaft driven mechanically 
by the engine via control rollers or chains rotates at half the speed of the engine. The 
cams of the camshaft move small plungers in the in-line injection pump, which deliver 
the fuel under high pressure to the injection nozzles through high pressure lines. The 
in-line injection pump has one cam and one delivery plunger per cylinder. The injection 
nozzles in the cylinder head open as the pump places each nozzle under pressure. The 
delivery plungers can be turned so that the injection quantity can be regulated. A milled 
recess in the plunger is designed so that different quantities of diesel fuel are delivered 
with one stroke depending on the rotational position of the plunger. 

The distributor injection pump has only one pump element for all of the cylinders 
to be supplied. The pressurized fuel is forwarded to each outlet of the injection pump in 
turn by a rotating distributor mechanism. 

Distributor injection pumps and inline injection pumps no longer satisfy the require- 
ments that apply for injection systems in modern diesel engines. 

Today’s commercial vehicles have either a common rail injection system (see below) 
or single pumping systems. 

In the single injection pump (sometimes also called a plug-in pump), each cylinder 
has its own pump unit, and each pump is driven mechanically by the engine (camshaft). 

In the unit injector system (UIS) the pump and the nozzle are constructed as one 
assembly. In the unit pump system (UPS), the pump and the nozzle are separate from 
each other and are not integrated into one component. A short high pressure line is 
needed to connect the pump and the nozzle. The separation of pump and nozzle frees up 
extra structural space but also requires additional parts, and the use of a line is associ- 
ated with undesirable pressure loss. In V engines with a bottom-mounted camshaft, the 
pumps can fit comfortably in the middle of the engine, for example. A short line leads 
to the nozzle in the cylinder head. In both UIS and UPS systems, the injection start time 
and the injection quantity are governed via an electronically actuated solenoid valve. 

The most modern injection systems are common rail systems. As the requirements 
imposed on injection systems become relentlessly more stringent, the use of common 
rail systems have become practically universal. Common rail systems have one common 
high pressure pump for all cylinders. This high pressure pump continually produces high 
pressure in a shared storage pipe (the common rail). The storage volume in the common 
rail disconnects the pressure generation function from the injection. Distributor pipes 
lead to each cylinder, with the injector mounted on the end. An electronically controlled 
solenoid valve in the injector opens to allow the required quantity of diesel to flow into 
the combustion chamber. Common rail systems make it possible to control the injection 
process with very high precision, and to break the process down into a number of partial 
injections. 

The latest common rail systems build up pressure in two stages. The first pressure 
stage consists of the high pressure pump described earlier, which is responsible for a 
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high pressure level in the common rail. Pressure is increased again in the injector, so that 
maximum injection pressures in the range from 2500 to 3000 bar are possible. 
Various injection systems are represented diagrammatically and explained in [3]. 


The Injection Nozzle 

Fuel is injected into the combustion chamber through the nozzle. Modern injection noz- 
zles demand extraordinarily high precision in manufacturing. The number of injection 
ports and the shape and direction of the injection jet are harmonized with the shape of 
the combustion chamber to produce the best possible combustion result in the combus- 
tion chamber. 

In older systems, the opening of the injection nozzle is controlled by the mechanical 
pressure of the fuel. When the fuel pressure increases above the nozzle opening pressure, 
the nozzle needle is displaced against the spring force and the fuel escapes from the noz- 
zle. When the fuel pressure falls, the spring forces the nozzle back into the nozzle seat 
and injection stops. In systems with pressure-controlled nozzles, the pressure must be 
generated in synchronization with the rotation of the engine. 

In modern systems, the nozzle is opened—with hydraulic assistance—by an electri- 
cally actuated solenoid valve. On this basis, the options discussed earlier become possi- 
ble. Injection time and injection amount per time (shape) can be controlled according to 
the engine’s operating point. 

The most important concern is that the nozzle must close perfectly at the end of the 
injection operation to prevent the hot combustion gases from getting into the nozzle. 

To ensure that modern injection systems continue to work reliably for long periods 
and that the engine runs economically with low emissions, the injection systems need 
high-quality, high-performance diesel fuel [10]. 


Injection Delay and Ignition Delay 

Depending on the length of the line between the injector and the high pressure pump, 
there may be a considerable time delay between pressure buildup and injection, since the 
pressure wave propagates in the fuel at the speed of sound. This time delay follows fixed 
geometrical rules, and is always the same; but the angle through which the crankshaft 
turns in the same time varies depending on its rotating speed. So at high engine speeds 
the conventional high pressure pump must build up pressure earlier than at low engine 
speeds to ensure that injection takes place when the crankshaft is at the same angle of 
rotation and consequently the piston is in exactly the same position. The difference in the 
time for pressure buildup is called injection delay. In modern common rail systems, the 
pressure propagation path (from the valve to the nozzle tip) is shorter, so the problem of 
injection delay is shorter, 

Ignition delay describes the time interval between the start of injection and the start of 
combustion in the combustion chamber. Ignition delay is inevitable for several reasons: it 
takes a certain amount of time for the diesel to be mixed with the air; the mixture needs 
to be heated, which also takes time; and the chemical reaction starts rather hesitantly, 
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it takes a while before it becomes a truly explosive combustion reaction. Ignition delay 
depends to a critical degree on the quality of the fuel (cetane number), the temperature 
of the air and the temperature in the combustion chamber, and on the mixture formation. 
And again during mixture formation, the injection nozzle, injection pressure, air move- 
ment and geometry of the combustion chamber (piston crown) are all important factors. 
Since low temperatures make ignition delay even longer, the time at which the injection 
starts is advanced when the engine and/or air is cold. 


® 


Check for 
updates 


The Exhaust System 


The exhaust gas that is expelled from the combustion chamber in the fourth stroke is 
forced out of the engine through the cylinder head and the exhaust manifold. When it 
leaves the combustion chambers, the discharged gas still contains valuable energy. It 
is the task of the exhaust-gas turbocharger to recover (part of) this energy. In general, 
today’s diesel engines are equipped with at least one exhaust turbocharger; the engines 
are said to be turbocharged or turbosupercharged. 

Engines that are not turbocharged, so called naturally aspirated engines, draw com- 
bustion air in because the pistons create a vacuum as they move back, and the air is 
drawn into the combustion chambers. The amount of air that enters the cylinders this 
way is limited. In order to draw more air into the combustion chamber, a turbocharger is 
used. 

After the one or more turbochargers, the exhaust gas exits the actual engine. It passes 
through the exhaust gas treatment system, in which the gases are treated to comply with 
the strict emission regulations for motor vehicles (see Fig. 6.1). 

The raw emission values of the engine (i.e. the pollutant concentration present in the 
gases when they leave the engine) and the performance capability of the exhaust system 
must be tuned to each other so that the overall system conforms to the emission lim- 
its. Before the exhaust gases leave the vehicle, they pass through the rear muffler, which 
reduces the level of noise that reaches the outside world through the exhaust system. 
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Limit NO, -- g/kWh 5.0 30.1035 3.5 20 26 04 046 
Limit PM- mg/kWh 100 160 20 30 20 30 10 10 


Limit CO - g/kWh ai Er A a ER ES 
Limit HC - g/kWH Oise: | u ees N ER ne DB I 
Limit NMHC g/kWh SU A A ee = 
Smoke (ELR) 1/m? 0.8 ze 0.5 Z 0.5 g z z 
Particle N. #101 /kWh  -—- z = = = = 8 6 
Limit NH, -- ppm Z z 25 25 25 25 10 10 


China wi ) 


Limit NO, -- g/kWh 
Limit PM - mg/kWh 
Limit CO - g/kWh 

Limit HC - g/kWH 

Limit NMHC g/kWh 
Smoke (ELR) 1/m? ES 
Particle N. #10" /kWh - - -- = = = 8 6 
Limit NH, -- ppm - - -- -- -- - 10 10 


Limit NO, -- g/kWh* = 3.35% 1.6 0.27 
Limit PM -- mg/kWh ° = 130 13 13 
Limit CO -- g/kWh ° = 20.8 20.8 20.8 
Limit NMHC g/kWh * = 0.67» 0.19 0.19 


a Limits in the US are given in g/bhp-hr. For the table here there are converted into SI units. 
b For EPAO4 NO, and NMHC have a combined limit 


Values for emission limits in Europe are largely based on [21]. US limits 
follow [26] and [27]; Chinese limits according to [28][29]. 


Abb. 6.1 Emission limits in different regions of the world 


6.1 Exhaust Gas Turbocharger 


The exhaust gas from the engine is lead through the turbocharger where it propels a rap- 
idly rotating turbine. 
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Fig. 6.2 Principle of the turbocharger. The exhaust gases flowing out of the engine drive a turbine 
wheel. The wheel is mounted on the same shaft as a compressor which compresses the air flowing into 
the engine increasing the quantity of air in the combustion chamber. The compressed air is cooled in the 
charge air cooler 


A compressor wheel is mounted on the same shaft as the turbine. The compressor 
wheel sits in the path of fresh air of the engine. It compresses the engine’s intake air. 

In this way, some of the energy in the discharged exhaust gas is used to deliver more 
air to the combustion chambers. Figure 6.2 shows the turbocharger principle. 

The turbocharger serves to increase the efficiency of the engine as a whole. This is 
why engines without a turbo are now practically unknown among efficiency-optimized 
engines (diesel in the commercial vehicle). Through its supercharging action, the tur- 
bocharger also significantly increases the specific engine output (output per liter of dis- 
placement). Because the air is compressed, more fuel can be supplied for combustion 
and the engine output per swept volume is greater than in non-supercharged engines. 

The compression in the turbocharger heats the fresh air, causing it to expand. This is 
the opposite to the desired effect of having more air molecules in the combustion cham- 
ber. After the turbocharger, the air is passed through a charge air cooler to reduce the 
charge air temperature again. 

The design of the turbocharger must take into account not only full-load operation of 
the engine, but also operation under low load. The rotating speed of the turbine and thus 
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also the charge pressure on the fresh air side of the turbocharger depends on the flow 
of exhaust gas towards the turbine. Now it is desirable to build up charge pressure with 
the engine under low load, which means that the flow of exhaust gas is also low. On the 
other hand, the turbine rotating speed and the charge pressure should be limited under 
full load. Accordingly, the turbocharger must strike a compromise between full engine 
load and operation under low load. Attempts to solve this problem have been made, 
involving various degrees of complexity. 

The turbocharger with wastegate is equipped with a valve (the wastegate valve) which 
opens a bypass in front of the turbocharger when exhaust gas pressure is high to allow 
some of the exhaust gas stream to bypass the turbocharger. When the pressure falls 
again, the valve also closes, and the entire exhaust gas stream flows through the turbine 
side of the turbocharger again. 

In the variable geometry charger, adjustable guide vanes direct the exhaust gas onto 
the turbocharger turbine. When the flow of exhaust gas is low, the guide vanes constrict 
the flow path, so that the gas is still moving fast when it reaches the turbine. When the 
flow is greater, the guide vanes allow a wider flow path. Turbochargers with variable tur- 
bine geometry are called VTG chargers. 

Some sophisticated concepts make use of several turbochargers. Two turbochargers 
with different characteristics are arranged one behind the other. With this configuration, 
compressed fresh air can be delivered to the combustion chambers when the mass flow 
of exhaust gases is both low and high. The two-stage design with regulation valves helps 
to improve the engine characteristic; optimizing the engine’s torque curve, for example. 

Another advantage of the turbocharger is that it contributes to the engine braking 
effect. The compressed air in the combustion chamber offers more resistance to the pis- 
ton on the upward stroke during the compression phase, so the piston is slowed more 
effectively than in the naturally aspirated engine, in which the air in the combustion 
chamber is at ambient atmospheric pressure. 


6.1.1 Turbocompounding 


An alternative to multi-stage turbochargers for using the energy in the exhaust gas more 
efficiently is called turbocompounding. For this, a second turbine is installed in the 
exhaust gas flow behind the turbine for the exhaust gas turbocharger. This second tur- 
bine does not drive a compressor, instead it transmits its rotational energy to the crank- 
shaft through a gearing mechanism and a hydrodynamic coupling. The additional energy 
recovered from the exhaust gas is converted directly into mechanical energy on the 
crankshaft. 

Figure 6.3 is a schematic diagram of the turbocompound system. 

Instead of supplying the crankshaft with the mechanical output from the second tur- 
bine, it can also be used to drive a generator (e.g., in hybrid systems) and generate elec- 
tricity. This use of the energy in the exhaust gas is also known as turbocompounding. 
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Fig. 6.3 Schematic diagram of a turbocompound system. After the turbocharger, the exhaust gases are 
directed over another turbine wheel. The second wheel delivers additional driving power to the cranks- 
haft via a coupling and gearing mechanism 


6.2 Exhaust Gas Treatment 


Figure 6.1 illustrates how the exhaust gas limit values have become increasingly strin- 
gent. Sophisticated technologies and complex equipment are needed to ensure that the 
exhaust gases released into the environment are as clean as possible. Various technol- 
ogies are used in combination in the exhaust system to eliminate a range of different 
pollutants. 


6.2.1 Emissions 


Figure 6.1 shows a large number of exhaust gas constituents that are subject to legislation. 
The two most important are particulate matter and nitrogen oxides. Comparing the US lim- 
its and the European limits it can be seen from the table that emissions limits are different 
for different regions. The same is true for the testing cycles. However the Chinese emission 
limits in the past for heavy duty onroad vehicles largely followed the European limits. 


42 6 The Exhaust System 


One has to keep in mind that there are more requirements than the ones shown in 
the table that put additional challenges on the development of low-emission engines and 
aftertreatment systems This additional requirements might be PEMS requirements, OBD 
requirements, in-use conformity (or in service conformity) requirements, additional NTE 
test cycles and more. 

For gas engines or Gasoline engines different limits apply. 


6.2.1.1 Formation of Exhaust Gas Constituents 

Particulate matter forms as a result of incomplete combustion of hydrocarbons. This is 
most likely to happen when the mixture (locally) contains an excess of fuel relative to 
oxygen (rich mixture). In the lean range, that is to say when the mixture (locally) con- 
tains an excess of oxygen, the fuel is completely combusted and little or no (undesirable) 
particulate matter forms. On the other hand, at high temperatures in the lean range, nitro- 
gen oxides form. The surplus oxygen reacts not only with the fuel, but (at particularly 
high temperatures) with the atmospheric nitrogen as well. 

Figure 6.4 illustrate the ranges in which particulate matter and nitrogen oxides form 
in the Diesel combustion process (see, for example, [12] or the technical literature on the 
diesel engine). 

In Germany, traffic was the main source of nitrogen oxide emissions in 2014 with 
approx. 40% of emissions. Other important contributors to nitrogen oxide emissions are 
households/small consumers and agriculture. For particulate emissions PM10 the main 
emitters are industry and agriculture; transport follows with 15% [22]. 
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Fig. 6.4 The formation of nitrogen oxides NO, and particulate matter is determined by the air/fuel mix- 
ture and the combustion temperature: Nitrogen oxides are formed at high temperatures and particulate 
matter is formed when the mixture is rich (fuel in excess). For a definition of X, see Eq. 2.4 
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6.2.1.2 Nitrogen Oxides (NO,) 

Nitrogen oxides are gas-phase compounds of nitrogen N, and oxygen O,, which are 
described with the chemical formula NO,. Nitrogen oxides are classified as air pollutants 
for a number of reasons [18], most importantly, they are directly harmful. They irritate 
and damage the respiratory organs and attack mucous membranes. Furthermore, nitrogen 
dioxide in particular is a contributory factor in acid rain. The reaction below shows how 
it forms nitric acid HNO,. After sulfuric acid, nitric acid is the second most common 
contributor to acid rain: 


2NO, + H20 — HNO; + HNO, (6.1) 


Thirdly, when exposed to UV-light nitrogen dioxide participates in the formation of 
ozone O,, which is harmful at ground level: 


NO» + UV light > O * +NO (6.2) 


Because of its oxidizing action, ozone is an irritant to human and animal respiratory tis- 
sue. The presence of ozone can cause headaches in people who are sensitive to it. 


6.2.1.3 Particulate Matter (PM) 
Particulate matter—or more precisely diesel soot particles—are microscopically small 
solids that are present in the exhaust gas. The size of the particles can vary widely. 

The measured value PM10 represents a measure of the mass of particles with an aer- 
odynamic diameter of less than 10 um! that are in the air.” PM2.5 is analogously a meas- 
ure of the mass of particles with an aerodynamic diameter of 2.5 um or smaller is in the 
air. The often used term dust (Feinstaub in German) is not a scientifically defined term. 

Particles from the diesel engine contribute to fine dust pollution of the air. Other 
installations and devices that contribute to fine dust or particulate matter pollution are the 
burner units in heating systems and industrial installations. Even natural processes con- 
tribute to fine dust pollution of the air, for example, soil erosion, forest fires or sand from 
the Sahara; depending on weather conditions, this last is spread in the atmosphere over 
vast distances, as far as Europe, particularly southern Europe [19]. 


lu stand for 10% or a millionth part. Thus 1 um is a millionth of a meter and a thousandth of a 
millimeter. 


2More correctly formulated and specified in 2008/50/EC [23], PM10 describes the mass of partic- 
ulate matter passing through a size-selective air inlet according to the reference method for sam- 
pling and measurement of PM10, which for an aerodynamic diameter of 10 ¡um has a separation 
efficiency of 50%. The reference method is described in another standard. 
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Fine dust is harmful to health because high concentrations cause more frequent occur- 
rence of respiratory and vascular disorders [19, 20]. 


6.2.2 Reduction of Nitrogen Oxides 


6.2.2.1 Exhaust Gas Recirculation, EGR 

Exhaust gas recirculation (EGR) reduces the formation of nitrogen oxides inside the 
combustion chamber. Some of the exhaust gas is returned to the cylinder. Consequently, 
the combustion mixture contains less oxygen. This in turn lowers the peak temperature 
of combustion in the cylinder. Lower combustion temperatures suppress the formation of 
nitrogen oxides (NO,) see Fig. 6.4. However, exhaust gas recirculation increases particu- 
late emissions from the engine, because less oxygen is available in the combustion cham- 
ber to oxidize (burn) the particulate matter. It also reduces the efficiency of the engine. 

The very hot exhaust gas occupies quite a large volume. In order to be able to process 
more gas and correspondingly more diesel in the combustion chamber, the recirculated 
exhaust gas is typically cooled before it is returned to the combustion chamber. This is 
a cooled EGR system. EGR cooling increases the overall cooling requirement of the 
engine by roughly up to 30%. 

In order to be able to vary the quantity of recirculated exhaust gas according to the 
engine operating point, an EGR valve is fitted in the recirculation system to regulate the 
fraction of exhaust gas that is returned to the intake side of the engine through the EGR 
cooler. Figure 6.7 includes a schematic representation of the exhaust gas recirculation 
system. 


6.2.2.2 Selective Catalytic Reduction, SCR 

The usual way to reduce the nitrogen oxides in exhaust gas to meet challenging limit 
values is selective catalytic reduction (SCR). SCR technology was in use in power plant 
operations long before it was introduced into the commercial vehicle sector to address 
the requirements of the Euro IV emissions standard. It involves a chemical reaction in 
which the oxygen in the nitrogen oxides is reduced. The products are molecular nitrogen 
N, and water—two completely harmless substances. Air is composed mainly of nitrogen, 
see Table 2.2. The reaction is initiated and maintained by selective catalysis. This means 
that appropriate catalysts ensure that the intended reaction takes place as it should. 
Ammonia (NH,) is used as the reducing agent. The stoichiometric equations describing 
the primary reactions for nitric oxide and nitrogen dioxide are shown in Eq. 6.4 to 6.6. 


4NO + 4NH; + O; > 4N: + 6H,0 (6.4) 
2NO» + 4NH3 + O2 > 3N + 6H2O (6.5) 


6NO» + 8NH3 > 7N2 + 12H20 (6.6) 
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To supply the necessary ammonia to the reaction, the vehicle has an additional tank 
filled with a solution of water and urea, the so called DEF or Diesel Exhaust Fluid.” DEF 
is stored in the vehicle in a separate tank with a blue cap. The aqueous urea solution 
is injected into the exhaust system. There, the urea solution is broken down to release 
ammonia. A certain temperature level must exist in the catalytic converter to ensure 
that the required reduction reaction takes place as illustrated by Eq. 6.4, 6.5 and 6.6; the 
exhaust gas must not cool down too much before entering the catalytic converter. The 
quantity of ammonia added must be adjusted roughly to match the nitrogen oxide emit- 
ted by the engine at the time. Therefore, DEF is added in metered quantities depending 
on the engine speed and engine load. Since engine emissions are changing constantly 
and it is impossible to add an exact stoichiometric quantity of DEF, the catalytic con- 
verter has the capacity to hold a certain amount of ammonia in reserve. If an excess 
of ammonia is present briefly, it is stored in the catalytic converter and used later. It is 
important that the ammonia is spread evenly in the exhaust gas by the time the gas mix- 
ture enters the catalytic converter. 


6.2.3 Reduction of Particulate Matter in Exhaust Gas 


Particulate emissions from diesel engines can be addressed from inside the engine by 
making sure the fuel is completely combusted. Optimized air supply is an important part 
of this. To ensure that the fuel and air are mixed as completely as possible and opti- 
mize fuel combustion in all parts of the combustion chamber, the air supply and piston 
shape are designed to impart a swirling motion (spin) to the air as it enters the chamber. 
Ingenious injection processes, which in turn require complex injection systems, and the 
quality of the diesel fuel used also play a part in reducing particulate emissions. 


6.2.3.1 The Diesel Particulate Filter 

To ensure compliance with the strict emission limits imposed by pending legislation, par- 
ticles must be removed from the exhaust gas stream in the exhaust gas aftertreatment 
system. Filters are needed for this. With effect from Euro VI and EPAO7, practically all 
commercial vehicles will be fitted with a diesel particulate filter (DPF). The exhaust gas 
is forced through a porous filter structure. The particulate matter in the gas sticks to the 
filter wall and is prevented from passing. The filter represents additional resistance to the 
flow of the exhaust gas. The engine has to overcome this resistance in order to expel the 
gas. So by its nature the DPF increases fuel consumption. The material and geometry 
of the filter must be selected to maximize the particulate matter separation rate while 
keeping the additional flow resistance within reasonable limits. As for practically all 


3In Europe the liquid is called AdBlue. 
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Fig.6.5 Diesel particulate filter (DPF) 


filters, the effective surface area of the particulate filter should be as large as possible. 
Figure 6.5 shows the functional principle of a particulate filter. 

When filter systems are implemented, it is very important to prevent the filter from 
becoming clogged. To determine the level of loading in the diesel filter, typically the 
pressure before and after the filter is measured. A high pressure differential suggests that 
the filter is heavily loaded (clogged). When the filter load gets too high, the particulate 
matter trapped in the filter is “regenerated”, that is to say it is combusted and discharged 
as CO,. If the exhaust gas stream reaches sufficiently high temperatures in normal opera- 
tion (about 450 °C), the filter is regenerated automatically while the vehicle is traveling; 
this is called passive regeneration. But if the vehicle is operated with a driving cycle in 
which the exhaust gas temperature stays relatively low (stop-and-go traffic, low load, no 
long gradients, only short journeys, no high speed phases), the temperatures necessary 
for passive regeneration may not be reached. Then, active regeneration must be initiated 
when the filter load reaches a certain level. The temperature of the exhaust gas is raised 
deliberately (typical temperature up to 600 °C) to burn the diesel particles in the filter. In 
order to raise the temperature of the exhaust gas in commercial vehicles, diesel is often 
used; it reacts with the residual oxygen in the exhaust system and releases additional 
energy. The extra fuel can be introduced by post-injection or supplied via a separate die- 
sel fuel metering device—see Fig. 6.7. 

The regeneration of the filter in the vehicle still leaves behind some residue. Over the 
lifetime of the filter, residue known as ash collects in the filter. Consequently, after a cer- 
tain mileage the diesel particulate filter must be taken out of the vehicle and cleaned, or 
replaced. 
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Fig. 6.6 Photo of the exhaust system for a heavy truck according to the Euro VI emissions standard 
[14] 


6.2.4 Reduction of Hydrocarbons and Carbon Monoxide 


The oxidation catalytic converter DOC* reduces the carbon monoxide and hydrocarbon 
content in the diesel exhaust gas. Poisonous carbon monoxide (CO) is converted into 
carbon dioxide (CO,). Undesirable hydrocarbons (HC) are oxidized to form water and 
carbon dioxide. The diesel oxidation catalyst also oxidizes nitric oxide (NO) to form 
nitrogen dioxide (NO,). The total nitrogen content (NO,) is not reduced in the oxidation 
catalytic converter. The reactions of hydrocarbons in the DOC can be used if needed to 
raise the temperature of the exhaust gases. 


6.2.5 Combined Systems 


Most Euro VI-compliant commercial vehicles are equipped with a combination of an 
optimized engine with exhaust gas recirculation and a complex aftertreatment system 
with SCR system and DPF. 


4DOC = Diesel Oxidation Catalyst. 
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Fig. 6.7 Example of an engine and emissions control system for ensuring compliance with the strict 
limits of the Euro VI standard 


This way, the demanding limits can be achieved within reasonable financial con- 
straints in terms of system costs and fuel consumption. Figure 6.7 is a schematic diagram 
of one possible configuration of a Euro VI engine and exhaust system. The technical 
community is largely adopting very similar approaches in its efforts to comply with 
the EURO VI standard [13, 15-17]. The raw emissions released by modern engines are 
already significantly reduced by the engine itself compared to older engines. To this 
end, a common rail injection system is used to vary the quantity, timing and duration of 
the injection according to the operating point. The exhaust gas recirculation with EGR 
cooler reduces NO, emissions. A hydrocarbon dosing device is installed in the exhaust 
gas system behind the engine outlet. If hydrocarbons are added to the exhaust gas here, 
they react in the oxidation catalytic converter to release more heat. This heat is used as 
necessary to burn off the material trapped in the diesel particulate filter. Pressure sensors 
measure the pressure before and after the DPF to determine when it has to be regen- 
erated. The pressure differential serves as a measure of how much particulate matter is 
trapped in the filter. The DPF filters the particles out of the exhaust gas stream. 

The DEF (AdBlue) is injected into the exhaust pipe behind the DPF to ensure that the 
ammonia needed is available afterwards in the SCR catalytic converter (Fig. 6.6). 

Since ammonia is harmful to health and smells unpleasant even in small amounts, a 
device called an ammonia slip catalyst (ASC) is installed after the SCR catalytic con- 
verter to ensure that no unused ammonia escapes into the environment with the exhaust 
gas. 
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Thermodynamics 


Thermodynamics describes the process by which one form of energy is converted into 
another. Heat as a form of energy is a central aspect of the subject. With reference to the 
internal combustion engine, the conversion of the chemical energy in the fuel to the ther- 
mal energy of combustion, and finally to mechanical energy is a thermodynamic process. 
The internal combustion engine is a thermodynamic machine. Thermodynamics is essen- 
tial to an understanding of the engine. 


7.1 Some Thermodynamic Fundamentals 
7.1.1 The First Law of Thermodynamics 


The first law of thermodynamics is an empirical principle. It states that the total amount 
of energy is constant. Energy cannot be created or destroyed. Energy is a conserved 
quantity. Energy can only be converted from one form to another. This seemingly facile 
statement describes one of the fundamental laws of physics. 

Accordingly, it is incorrect to speak of energy consumption. In strictly physical terms, 
what is meant is that high-value, readily-usable energy, such as the chemical energy in 
petroleum is converted into a form of energy that cannot be used so easily, such as heat. 
Or in other words, energy sources with low entropy (entropy will be discussed later) are 
converted into energy forms with higher entropy; but the total energy content does not 
change. 
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Expressed mathematically, the first law of thermodynamics states that a change of 
the energy E in a system does not take place spontaneously, but either as a result of the 
supply or removal of heat dQ, through the performance of mechanical work dW, or that 
energy dE,, bound to a transport of masses is exchanged with the environment: 


dE = dQ + dW + dE», (7.1) 


The energy E of a system is made up of the internal energy U and the external energy E,, 
describing the potential energy and the kinetic energy of the system (dE = dU +dE,). If 
the system is at rest (dE, =0) and (important!) closed (dE,, =0), its energy equation can 
be represented as follows: 


dU = dQ + dW (7.2) 
If you disregard friction phenomena, the mechanical work can be expressed as: 
dW = —p dV (7.3) 


where p is pressure and V is the volume of the system. The minus sign is used here 
because work is introduced into the system (energy is increased) when the volume is 
reduced. 

This gives: 


dU + p dV = dQ (1.4) 


7.1.2 The Second Law of Thermodynamics 


The second law of thermodynamics states that (macroscopic) processes take place in one 
direction. A pertinent example of the second law is the following everyday experience: 
If a cold and a hot body are in contact with one another, heat migrates from the warmer 
body to the colder body.! On a macroscopic scale, it does not happen that the warm body 
spontaneously becomes warmer and the cold body becomes cooler still—such a situation 
would actually be permissible with the first law of thermodynamics only. The example 
described corresponds roughly to the formulation of the second law of thermodynamics 
according to Clausius.? 

Processes that spontaneously take place in only one direction—like the one in the 
example—are irreversible processes. Macroscopically, all processes are irreversible. 
Nevertheless, reversible processes are often encountered in thermodynamics, as they rep- 
resent the borderline case, the maximum theoretically attainable. 


! The inverse process is only made possible by the introduction of additional energy (pumping) and 
is embodied by the heat pump. 

?There are several different formulations of the second law, but ultimately they all describe the 
same truth. 


7.2 Ideal Gas 51 


In order to be able to represent the second law in mathematical terms, Clausius intro- 
duced the state variable entropy S into thermodynamics. 

Entropy is a measurement of the amount of energy in a system that can no longer be 
converted into mechanical work. 

Entropy change is defined as: 


_ SQ Wäiss 
T T 


dS 


(7.5) 


Dissipative energy is always positive ôW „>. The unit of entropy is Joules per Kelvin, 
J/K. The second law of thermodynamics states that the entropy never decreases. In irre- 
versible processes, entropy always increases, only in the borderline case of the (ideal- 
ized*) reversible process does entropy remain constant: 


dS > 0 for irreversible processes (7.6) 


dS = 0 for reversible processes (7.7) 


In the reversible case without friction phenomena, etc., (6W 
the following statement can be made for entropy: 
òQ u 1 


Srey in a 
T T 


=0) Eq. 7.4 applies and 


diss 
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- dU -dV E 
+7 (7.8) 


7.2 Ideal Gas 


Ideal gas is a construct which is used to make thermodynamic processes easier to 
describe. The behavior of the gas is described by the general gas equation Eq. 7.9. 


p-V=n-R-T (7.9) 


n is the quantity of substance in mol and R is the specific gas constant. This is calculated 
from the Avogadro number N,= 6.022 - 10% mol”! and the Boltzmann constant 1.38 - 
1072 J/K as follows: 


R = N4 - kg = 8.3144 J K mol (7.10) 


The internal energy U in the ideal gas is a function of temperature only. The internal 
energy of a gas with no internal degree of freedom with N particles is*: 


3 3 
U=5-:Nekp-T=5-n-R-T (7.11) 


3Macroscopically, all processes are irreversible because of the effects of friction. 
4N=N cn. 
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If heat is transferred to the ideal gas at constant volume (isochoric), the heat will be com- 
pletely absorbed in the kinetic energy of the gas particles. Specific heat capacity at con- 
stant volume is defined as Cy. For ideal gases, this is obtained by: 
dU 3 
Cy=—==-n-R : 

an 73 n (7.12) 
If the pressure of the ideal gas is maintained (isobaric), the gas expands and volume 
work is performed. Some of the heat input contributes to the volume work, and some 
of the heat raises the temperature (kinetic energy of the gas particles). In order to bring 
about a desired temperature change, more energy must be supplied in the isobaric case 
than in the isochoric case. The specific heat capacity is greater at constant pressure than 
at constant volume. Specific heat capacity at constant pressure is defined as C; 
dU 


dv 
= R= -R E 
Pa = ans Cyn (7.13) 


d dU 
Cp = gr Y + Pav) =T 
C,> Cy, see Table 2.2. 

The following brief notes on the heat capacities C, and C, are intended to help the 
reader apply this information to other reference works on thermodynamics. We have cho- 
sen these variables such that U in Eq. 7.12 is a gas with N particles (this makes the equa- 
tions in which C, and C, occur very simple). Heat capacities are also often expressed as 
heat capacities per quantity of substance n, also called the molar heat capacities: 


= c 
cmolar _ = (7.14) 


C, 


molar 
molar _ —2 (7.15) 


Or the heat capacity per mass is defined; this is conventionally denoted with a lower 


case cf: 


5It may be helpful to review the units of the various heat capacities: 


J 
[Cvl= (7.16) 
J 
Bel (7.17) 
J 
[ev] = ER (7.18) 


The same applies correspondingly for C, 
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m- cy =n-Co™ = Cy (7.19) 


m-c, =n: qolar =, (7.20) 


For the molar heat capacities of the ideal gas with no internal degrees of freedom, the 
following applies according Eqs. 7.12 and 7.13 


a] = > -R (7.21) 
molar 5 
ic |= a (1.22) 


7.3 State Changes of Ideal Gases 


In order to describe thermodynamic processes as simply as possible, they are broken 
down theoretically into a sequence of idealized state changes that are relatively easy to 
describe. In the next segment, these idealized state changes will be explained for ideal 
gases. Figure 7.1 shows the state changes in the p-V diagram and the T-S diagram. 


7.3.1 State Change with Constant Volume—Isochoric State Change 


State changes with constant volume—isochoric state changes—take place with no vol- 
ume change. Pressure and temperature change according to the ideal gas Eq. 7.9. No 
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Fig. 7.1 Schematic illustrations of the changes of state in the p-V diagram and the T-S diagram. In the 
p-V diagram, the curve of the isentropic process is steeper than for the isothermal process 
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mechanical work is performed pôV =0 and the heat introduced changes the internal 
energy U. 


pı _Tı 
im, (7.23) 
Q= AU (7.24) 
Tz 
Q= J CydT = Cy - (T2 — T1) (7.25) 


7.3.2 State Change with Constant Pressure—Isobaric State Change 


The isobaric change of state takes place with constant pressure. In this context: 


Pı = Po = Const. (1.26) 
Vi T 
e (1.27) 
Ty 
Q= J C,dT — C, (TR -Ti) (7.28) 


7.3.3 State Change with Constant Temperature—Isothermal State 
Change 


The isothermal state change describes changes of state in which the temperature of the 
gas does not change. In this context: 


Tı = T = const. (7.29) 


Pi: Vi =p: V2 (7.30) 


In an isothermal state change, AU=0 and according to Eq. 7.2 it follows that dQ =-dW. 
Equation Eq. 7.3 yields for the work in isothermal processes: 


2: 
AW = — f pav (7.31) 
2 1 
== mer. dV (7.32) 
f V 


= —n: A n RE 
Vi ( 33) 
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etn’ 
us: n(x) (7.34) 


2 


In this case, the sign appears because work is introduced into the system (energy 
increases) when the volume is compressed in the process 1 > 2, i.e. V, >V,. 


7.3.4 State Change Without Change of Entropy—Isentropic State 
Change 


In an isentropic state change, the entropy of the gas does not change, S = const. 
The following definition applies: 


Cp 
k= 
En (7.35) 
For isentropy of ideal gases: 
Pi =) 
len 7.36 
P2 & : ) 
ta 7.37 
Dy, (7.37) 
And: 
T el 
Ta (>) (7.38) 
T, P2 


Adiabatic State Change When no thermal energy is exchanged with the environment, 
the state change is said to be adiabatic SQ=0. 

A process that is adiabatic and reversible is always isentropic. The converse is not 
necessarily always true. 


7.4 Cyclic Processes 


Cyclic processes are models that describe thermodynamic processes. The internal engine 
process of combustion and converting heat into mechanical work can also be described 
as a cyclic process. 

The simplest processes—such as those discussed here—are closed cyclic processes. A 
cyclic process which proceeds clockwise in the p-V diagram is a heat engine; the work 
output is greater than the work absorbed. Work can be performed. In the cyclic processes 
considered here, the combustion in the engine represents the input of heat, the discharge 
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of the combusted gas is modeled by the emission of heat, and the simple models are 
based on an ideal gas. 
Thermal efficiency is defined as: 


AW 
Qio 
In this equation, AW represents the mechanical work that is transferred out and Q,, is 
the heat transferred into the system. Mechanical work AW is performed when the sys- 


tem absorbs more heat than it emits. Then, AW=Q,, —IQ,,.,,|. Thermal efficiency in 
clockwise cyclic processes is: 


Nh = (7.39) 


Th = Qio ai (7.40) 
na = i= lQfroml (1.41) 


to 


7.4.1 The Carnot Cycle 


The Carnot cycle is particularly important for a consideration of cyclic processes. Firstly, 
it is one of the cyclic processes that were discussed very early in the development of 
thermodynamics, and secondly—the reason it is important to us—the Carnot cycle 
describes the theoretical ideal case. 

It can be demonstrated that the second law (Sect. 7.1.2) may be written with the aid of 
the Carnot cycle as follows: The Carnot cycle describes the greatest possible efficiency 
at specified temperatures. The thermal machine, which is more efficient at specified tem- 
peratures for heat absorption and heat emission than the Carnot cycle at these temper- 
atures, does not exist. All reversible thermal processes with the same temperatures for 
heat introduced and heat removed have the same efficiency as the corresponding Carnot 
cycle. All irreversible thermal processes have a lower efficiency. Since all real processes 
are irreversible processes due to unavoidable friction phenomena, the Carnot cycle rep- 
resents the upper limit of efficiency, which engineers strive to attain, but which can never 
be reached, much less surpassed. The closer a machine comes to Carnot efficiency, the 
better it is. 

The Carnot cycle consists of two isothermal and two adiabatic processes. Figure 7.2 
illustrates the Carnot cycle in the p-V diagram and the T-S diagram. 

The individual process steps are follows: 

e Isothermal compression (1 — 2). The following work is performed (V,>V.,)—see 

Eg. 7.31: 


Vi 
AWp=n-R-T; ln == 


V2 (7.42) 
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Fig. 7.2 The Carnot cycle 


and— since the temperature remains constant—the same amount of heat is transferred. 


AW: = -AQ (7.43) 


e In the adiabatic (isentropic) compression that follows, no heat is exchanged with the 
environment: 


AQ) = 0 (7.44) 
Work: 
Wz = Cy - (T3 — T2) (7.45) 
is performed. 


e This is followed by isothermal expansion (3— 4) which involves the following work 
(system outputs work > minus sign): 


V 
AW34 = —n - R - T3 In ($) (1.46) 
V4 


and since the temperature remains constant, the same amount of heat is absorbed: 
AW34 = —AQ34 (7.47) 


e The cyclic process is completed by adiabatic expansion (4— 1). In this process, no 
heat is exchanged with the environment: 


58 


The work performed is: 
War = Cy - (T4 — T¡) 


Heat is only taken up in process step (3 — 4): 


Heat given up in process step (1 —> 2): 


Q = R-Tıl a 
a —n . . n == 
from 1 V> 


V2 
=n-R-Tiıln| — 
Vi 


The efficiency of the Carnot cycle is calculated: 


|Qrrom | 
NCarnot = L= 
to 


NCarnot = 1— 


It follows from Eq. 7.37: 
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(7.49) 


(7.50) 


(7.51) 


(7.52) 


(7.53) 


(7.54) 


(7.55) 


(7.56) 


(7.57) 


(7.58) 


(7.59) 
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Fig. 7.3 The constant volume cycle 


The Carnot cycle bears very little similarity to a technically presentable cycle in the com- 
bustion engine, because heat transfers make it impossible to recreate the isothermal vol- 
ume change. Moreover, the area in the pV diagram that falls within the Carnot cycle is 
extremely small. This area reflects the mechanical work carried out per revolution. This 
means that in order to carry out substantial work, the cycle must be repeated many times; 
and in order to reach a desired output, the Carnot cycle must be completed very quickly. 


7.4.2 The Constant Volume Cycle (the Otto Cycle) 


The constant volume cycle is a notional cyclic process which is often included in discus- 
sions about piston engines with periodic combustion. In the constant volume cycle, heat 
is input and removed at constant volume, hence the name. Figure 7.3 illustrates the con- 
stant volume cycle in the p-V diagram. 

The gas is compressed isentropically (1— 2), that is no heat is exchanged with the 
environment (adiabatic) and no friction is associated with the compression. Heat is 
introduced isochorically (with no change in volume) at the point of minimum vol- 
ume (2> 3). This is followed by isentropic expansion to the maximum swept volume 
(3— 4). At this point, the heat is theoretically given off isochorically until the starting 
state is reached again (4— 1). The work gained and lost is calculated with: 


Qu = Cv - (T; — T2) (7.60) 


IQtroml = Cv (Ta — T1) (7.61) 
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Accordingly, the thermal efficiency of the constant volume cycle is determined by’: 


Qio = | Orrom | 


n = 
Qio 


= (13 — T2) — (T4 — Tı) 
(T3 — T2) 


The adiabatic state change during compression leads to: 


T- V“ = const: 


Ti V =T. V$ 


which in turn yields: 


and similarly for the expansion: 


Equations V,=V, and V} =V, apply (constant volume cycle!): 


Vo. V3 
Vi Va 
and accordingly so does: 
Tr Ti u Th. É-1 
TtT T T To ae 


Thus, the thermal efficiency of the constant volume cycle is calculated with: 


=] Tı 
Nth = T; 


(1.62) 


(7.63) 


(7.64) 


(7.65) 


(7.66) 


(1.67) 


(7.68) 


(7.69) 


(1.70) 


(1.71) 


6Here, we assume that the specific heat constant c, is constant within the whole process: 


sG>+d=end>+n 
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The constant volume cycle is sometimes also referred to in the literature as the idealized 
Otto cycle. The isochoric—infinitely fast—addition of heat in the constant volume cycle 
and the associated sudden rise in pressure corresponds in this figure to the ignition of the 
gasoline mixture in the cylinder. 


Its efficiency can be notated independently of temperature. With V, =V, = V nin and 
V,=Vinax and the definition of the compression according to Eq. 3.8, it follows from 
Eq. 7.67: 

Ti (NaN) _ (Nein 1 en 
Tə u Vi u V max u gral f 
and thus the efficiency of the constant volume cycle from: 
1 
Mh = 1 — el (7.73) 


The efficiency of the constant volume cycle only depends on the compression (geometry 
of the engine) and the ratio of the specific heat capacities (property of the gas). 


7.4.3 The Constant Pressure Cycle (the Diesel Cycle) 


Unlike the constant volume cycle, heat is introduced at constant pressure in the constant 
pressure cycle. Similarly to the constant volume cycle, heat is given off at constant vol- 
ume. Figure 7.4 illustrates the constant pressure cycle in the p-V-diagram. 

Three of the four notional process steps are carried out as in the constant volume 
cycle, the process step during heat addition (2 — 3) is different: 
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Fig. 7.4 The constant pressure cycle (diesel cycle) 
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e The gas is compressed isentropically (1 — 2). 

e Heat is introduced isobarically at the point of minimum volume, causing the volume 
to increase (2 — 3). 

e This is followed by isentropic expansion up to maximum swept volume (3 > 4). 

e According to the theory, at this point the heat is given off isochorically until the origi- 
nal state is reached again (4> 1). 


The compression in this cycle is: 


na 7.74 
e = — = — 
„ Vp (7.74) 
In addition, we also define the full pressure ratio (or injection ratio) with: 
p=% 
=y (7.75) 


The full pressure ratio describes the ratio of the volumes between which the expansion in 
the notional cycle takes place under constant pressure (see Fig. 7.4). 
The work gained and lost is calculated with: 


Qu = Cp - (13 — T2) (7.76) 


[Qrroml = Cv + (T4 — T1) (7.77) 


Because we assume isobaric expansion here (2 — 3), c, is used in Eq. 7.76. The thermal 
efficiency of the constant pressure cycle is calculated with: 


y =1- Leon (7.78) 
2 Gi=T) en 
E: B=b) G72) 
RS) Em 
eTa aD) 


We express all temperatures (T,, T}, T,) with reference to T}. 
Because of the adiabatic state change during compression, the following applies: 


T = Ti -V¡/V5 =T e? (7.81) 
Isobaric change of state (2 — 3) means: 


T; = T2- V3/V2 (7.82) 


= Te) =¢ (7.83) 
In this, Eqs. 7.81 and 7.75 are used. 


7.4 Cyclic Processes 63 


Isentropic change 3 — 4 yields: 


T4 = T3 -Va/VE? (7.84) 
Vv k—l 
=T e! og. | 2 (1.85) 
V4 


V,=V, -€ (compression) and V,=¢ - V, (Eq. 7.75) thus combine for V,/V}=¢/€ and 
therewith also: 


Kk-1 
Th=Ti- € e. ($) (7.86) 


With Eq. 7.81, 7.82 and 7.86, all temperatures from the expression for efficiency can be 
replaced: 

1 1 do“ —1 
k ei 8-1 


n=1- (7.87) 
The efficiency of the constant pressure cycle depends on the compression € (geome- 
try of the engine), the ratio of the specific heat capacities (property of the gas), and the 
full-pressure ratio of the engine (injection process). 

The constant pressure cycle is often generally considered the simplest comparison 
cycle for the diesel engine. Isobaric heat addition corresponds to the combustion of die- 
sel fuel. The self-igniting diesel fuel is injected in a rough approximation such that the 
pressure maintains a high constant level for a certain period. 


7.4.4 Comparison of Diesel and Gasoline Engines 


Keeping the compression value equal, the efficiency of a constant pressure cycle as 
described in Eq. 7.87 is less than the efficiency of the constant volume cycle in Eq. 7.73. 

In reality, the efficiency of the diesel engine is higher than the gasoline engine 
because the compression in diesel engines is much higher. If the compression is too great 
in a gasoline engine, there is a risk of autoignition (knock). The efficiency of the gasoline 
engine is also reduced because of the throttle valve, which it needs in order to produce 
the stoichiometric fuel—air mixture. The throttle valve, which is not needed in the diesel 
engine, increases the charge cycle losses (friction) particularly in the partial load range, 
when throttling is necessary. 

Moreover, the standard expression of consumption in fuel volume per distance (liters 
per 100 km) also returns more favorable values for diesel engines, as the energy density 
of diesel fuel itself is about 10% higher than that of gasoline. 
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7.4.5 The Seiliger Cycle 


In order to bring the description of the combustion process to a closer approximation 
of reality, Seiliger suggested the method that bears his name. In the real world, heat is 
supplied neither isochorically, as in the constant volume cycle, nor isobarically as in the 
constant pressure cycle. So Seiliger suggested mapping the real combustion process with 
a notional heat supply cycle in two subprocesses. First an isochoric addition of heat fol- 
lowed by an isobaric supply. Consequently, the Seiliger cycle has five process steps (See 
Fig. 7.5 for the Seiliger Cycle). The additional process step introduces a new degree of 
freedom, so that a further variable is needed to describe the Seiliger cycle. Typically, this 
is the pressure ratio: 
P _ Ts 
v= t b (1.88) 

The pressure ratio y is the ratio of the two pressures between which heat is added 
isochorically. 

The five process steps of the Seiliger cycle with the respective key temperature points 
are listed below: 
e Isentropic compression | — 2. Temperature is determined as in Eq. 7.81 


eed ee i (7.89) 


e Isochoric heat supply 2— 3. At the isochors, the pressure ratios are equal to the tem- 
perature ratios. By using the pressure ratio w from Eq. 7.88 and with the expression 
for T, from Eq. 7.89, the following is obtained: 


Isobar 


3 4 


Isochor 


| Isentrope 


2 
| Isochor 


Isentropel 


Fig. 7.5 The Seiliger cycle 
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P k— 
T=. =T y e (7.90) 
P2 
e Isobaric heat supply 3 — 4. Isobaric heat supply results in a temperature T, similar to 
that of Eq. 7.82 (keep in mind that temperature T, is considered, because the index 


counter has counted one more step due to the interposed isochoric heat supply): 


Ta = T; - V4/V3 (7.91) 
=T;-¢ (7.92) 
=T)-¢-v et! (7.93) 


e The isentropic relaxation of the gas 4— 5 is derived: 


Va k—1 
Ts; = T4- | — 7.94 
5 = T4 (5) (7.94) 
«—1 
=T,-¢-y ALE (7.95) 
= V3 Vs f 
where V,/V,=¢ and V, = V, and V,=V, it follows that: 
y k—1 
Ts=T p y E p. (+) (7.96) 
Vi 
With the definition of the compression ratio it is notated V,/V, = 1/€ and accordingly: 
1 «—1 
Ts =T; - * - y. e! (2) (7.97) 
=T,-¢°- y (7.98) 


e and the return to the starting condition by isochoric heat transfer 5 — 1 


With these preliminary calculations, the thermal efficiency of the Seiliger cycle can be 
determined according to: 


n= Qio = lQfroml a 99) 
Qio f 
Orrom 
= | — — 
On (7.100) 
= Qs: 


“O PO (7.101) 
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a cy (Ts — Ti) 
cy + (T3 — T2) + cp - (T4 — T3) 


=| (7.102) 
Ts- T; 


=] — 
T3 — Tz + + (Ta — T3) 


(7.103) 


If the temperature ratios from Eqs. 7.89, 7.90, 7.91, and 7.97 are inserted, the following 
is returned: 


m. Ti -y — 1) 
iz Tıap- e-d — EU-D) YT (y E&-D =y. ED) (7.104) 
1 “.w-1 
=1 a (7.105) 


ED (y DH Y (61) 


7.4.6 Approximating the Real Cycle 


The cyclic processes presented make use of many notional values. Combustion and gas 
exchange are represented as the addition and subtraction of heat. Heat exchange takes 
place infinitely rapidly in an idealized scenario. The process is based on an ideal gas. 

Real processes in real engines (Fig. 7.6) do not match these theoretical assumptions. 
Besides, there are also many other effects that play an important part in the real combus- 
tion engine and reduce its efficiency compared with the ideal engine. Some of these are 
described below. 


Fig.7.6 Heavy-duty commercial vehicle engine OM473 (15.61 displacement) from Mercedes-Benz. 
The engine has been photographed from both sides. On the left side the hot side of the engine is visible 
where the exhaust gas exits the combustion chamber. The EGR cooler (top) and the piping with tur- 
bocharger are visible. On the right we see the cold side where the air supply takes place and on which 
functions such as the air compressor, oil filter, engine control unit and common rail system are arranged. 
(Photo: Daimler) 
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Real Combustion 

In the real cycle, combustion may be incomplete if not enough oxygen is available to 
ensure the fuel is combusted completely in all areas of the combustion chamber. As a 
result, only some of the chemical energy contained in the fuel is released. In other words, 
the exhaust gas exiting the cylinder after combustion still contains components that are 
able to participate in a reaction. 


Heat Losses 

Some of the heat available after combustion is lost by dissipation through the cylin- 
der walls and the piston crown. This lost heat is no longer available for converting into 
mechanical energy. One approach to further optimize efficiency is to reduce heat losses 
in the combustion chamber [25]. The reduction of heat losses in the combustion chamber 
increases the thermal efficiency of the conventional internal combustion engine; in addi- 
tion, the exhaust gas aftertreatment system warms up more quickly after engine startup, 
so that cold-start emissions are reduced. There may also be more heat energy available in 
the exhaust available for use in waste heat recovery (WHR) systems. 


Friction 

The unavoidable friction in the crank assembly leads to energy losses (strictly speaking, 
energy conversions). The greatest source of friction in the engine comes from the piston. 
The piston rings rub on the cylinder wall and the piston pin (also known as the gudgeon 
pin or wrist pin) rotates in the piston with friction. Another major contributor to mechan- 
ical friction results from the crankshaft main bearings. The engine also has to use some 
of the mechanical energy it generates to overcome the friction resistance to other moving 
parts. The valve train, the fuel injection system, water pump, oil pump, the alternator, 
and possibly the fan as well reduce the mechanical work the engine can deliver to the 
drive. 


Blow-by Losses 

The blow-by losses explained in Sect. 4.1 also represent a deviation from the ideal pro- 
cess. In the compression phase, there is reduced compression and in the combustion 
phase, usable energy escapes from the combustion chamber with the hot gas. The effi- 
ciency of the engine is reduced. 


Comprehension Questions 


The comprehension questions serve to test how much the reader has learned. The 
answers to the questions can be found in the sections to which the respective question 
refers. If it is difficult to answer the questions, it is recommended that you read the rele- 
vant sections again. 


A.1 The 4-stroke Engine 


Explain the 4-stroke principle. 


A.2 Combustion 


a) What substances does the engine need for combustion? 
b) What does the air number A describe? 
c) Estimate how many liters of air an engine needs per minute. 


A.3 The Crank Assembly 


a) Explain how the crank assembly turns translatory motion (stroke) into rotary motion. 
b) What component determines the stroke that is carried out by the piston? 
c) How is the cubic capacity of an engine determined? 


A.4 Self-Ignition 


a) Why is the diesel engine also called a compression-ignition engine? 
b) What describes the compression? 
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A.5 Engine Brake 


a) Explain the principle of the constant throttle valve (engine brake). 
b) How does a decompression brake work? 


A.6 The Fuel Supply 


a) Explain the low pressure and high pressure parts of the fuel system. 
b) What does common rail mean? 


A.7 Exhaust Gas Energy 


a) What does the turbocharger do? 
b) What is turbocompounding? 


A.8 Emissions 


a) When is the most particulate matter produced in the engine? And nitrogen oxides 
NO,? 

b) What is SCR? 

c) Explain the diesel particulate filter. 


Abbreviations and Symbols 


The following is a list of the abbreviations used in this booklet. The letters assigned to 
the physical variables is in conformity with normal usage in the engineering and natural 


sciences. 


The same letter can have different meanings depending on the context. For example, 
lower case c is a very busy letter. Some abbreviations and symbols have been subscripted 
to avoid confusion and to improve the readability of formulas, etc. 


Lowercase Latin letters 


a acceleration 
bar bar, unit of measurement of pressure—1 bar = 10° Pa 
Č coefficient, proportionality constant 
c, heat capacity with constant pressure 
Cy heat capacity with constant volume 
da abbreviation for deca = 10, the force specification daN (deca-Newton) 
being particularly popular because 1 daN = 10 N, which is approximately 
equal to the weight force of one kilogram on Earth 
f coefficient or correction factor 
Trot additional load factor in rotary motion 
g gram, unit of mass 
g gravitational acceleration (g = 9.81 m/s?) 
h hour, unit of time 
h measure of length, often height 
hp horsepower, unit of power (not an SI unit)—1 hp = 735.5 W 
1 transmission ratio, ratio of rotational speeds 
k kilo = 10° = multiplication factor of 1000 
Ko the Boltzmann constant 
kg kilogram, unit of mass 
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kg/m? kilograms per cubic meter, unit of density (mass by volume) 
km kilometer, unit of distance—1 km = 1000 m 

km/h kilometers per hour, unit of speed—100 km/h = 27.78 m/s 
kW kilowatt, unit of power—1 kW = 1000 W 

kWh kilowatt-hour, unit of energy 


l length 

1 liter, unit of volume—1 1 = 10° m? 

m mass 

m meter, unit of length 

m milli = 10° = a thousandth part 

mm millimeter, unit of length—1 mm = 10° m 

mol mole, unit of amount of substance—1 mol = 6.022 - 103 particles 

n number of particles, amount of substance 
pressure 

r length, often radius 

rpm revolutions per minute; angular velocity 


route (linear measurement) 
second, unit of time 

time 

ton, unit of mass — 1 t = 1000 kg 
speed 


typical designation of one of the three spatial coordinate axes 
typical designation of one of the three spatial coordinate axes 
typical designation of one of the three spatial coordinate axes 
number of teeth (on a transmission gearwheel) 


N NL %» << * +00 


Uppercase Latin letters 


A area, particularly frontal face area 

ABS anti-lock braking system 

ASC ammonia slip catalyst 

BDC bottom dead center 

C Celsius, unit of temperature 

C chemical symbol for carbon 

C coulomb, unit of electrical charge 

CAN controller area network, bus technology 

CI compression ignition — combustion inside the combustion chamber is trig- 
gered by compression (diesel engine) 

CO carbon monoxide 


CO, carbon dioxide 
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CH, 
DOC 


NMHC 
NTC 
NVH 


hydrocarbons 

diesel oxidation catalyst 

Department of Transportation (U.S.) 

diesel particulate filter 

energy 

external energy 

Economic Commission for Europe of the United Nations 

electronic control unit 

enhanced environmentally friendly vehicle—European emission standard 
for buses and trucks (stricter than EURO V) 

exhaust gas recirculation 

exhaust heat recovery 

European load response test 

European stationary cycle—test procedure for emissions legislation 
European transient cycle—test procedure for emissions legislation 
force 

weight force 

centrifugal force 

global warming potential 

chemical symbol for hydrogen, which occurs as a diatomic molecule 
water 

hydrocarbon 

in service conformity 

joule, unit of energy 

kelvin, unit of temperature on the kelvin scale 

torque 

mega = 10° = Million 

megajoule, unit of energy—one million joules 

megawatt, unit of power—one million watts 

Newton, unit of force 

chemical symbol for elemental nitrogen, which occurs as a diatomic 
molecule 

Avogadro constant 

ammonia 

nitrous oxide, laughing gas 

nitric oxide 

nitrogen oxide 

nitrogen dioxide 

non-methane hydrocarbons 

not to exceed (limit that is not to be exceeded independent of load cycle) 
noise, vibration and harshness—umbrella term for oscillation phenomena 
which are heard or felt as vibration. 
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chemical symbol for elemental oxygen, which occurs as a diatomic 
molecule 

ozone 

original equipment manufacturer 

overhead camshaft 

overhead valves—above the combustion chamber 

designators for diesel engines by Daimler AG. OM stands for Olmotor 
(German), a historical name for the diesel engine 

power 

positive ignition — combustion is triggered by an external source like a spark 
(Otto engine) 

particulate matter 

measure for particles below a certain size (around 10 um) 

heat, energy in the form of heat 

gas constant 

entropy 

selective catalytic reduction 

stands for International System of Units 

temperature (in kelvin or °C) 

top dead center 

internal energy 

volume 

volt, unit of electrical potential 

variable turbine geometry (in the turbocharger) 

mechanical work or mechanical energy 

watt, unit of power 

kinetic energy 

potential energy 

watt-hour, unit of energy—see also the more common kWh 

waste heat recovery 

world harmonized stationary cycle—test procedure for emissions legisla- 
tion, supersedes ESC 

world harmonized transient cycle—test procedure for emissions legislation, 
supersedes ETC 


Lowercase Greek letters 


D 


(alpha) angle 
(beta) angle 
(gamma) angle 
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(delta) angle 

engine compression € = V nax = V min 

(lambda) air number, dimensionless ration between the air mass in the com- 
bustion chamber and the air mass that would be needed for stoichiometry to 
ensure complete combustion. 

connecting rod ratio 

(mu) coefficient of friction, sometimes also u , adhesion coefficient 
stands for micro = 10% = a millionth 

(eta) efficiency 

thermal efficiency 

efficiency of the Carnot cycle 

(tho) density 

(phi) angle 

(omega) angular velocity 

engine speed 


Uppercase Greek letters 


® 


y 


(phi) full pressure ratio or injection ratio in the constant pressure and 
Seiliger cycles 

(psi) pressure ratio in the Seiliger cycle 

(theta) temperature 
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